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Summary 
Cyclohexanone and cyclohexanol (also known as K/A oil) are the intermediates in 
the manufacture of Nylon 6 and Nylon 6, 6. Presently, a homogeneous catalytic 
process with transition metal salts as the catalysts is the main route to producing K/A 
oil in the industry. As the process generates waste solids and toxic liquids, it has 
become more and more desirable to develop an environmentally friendly chemical 
technology to replace the currently used process.  
Catalysis by gold has become one of the most intensively studied topics in recent 
years. Gold (Au) in a nanocrystalline form displays a remarkable catalytic activity for 
catalyzing a broad range of reactions such as oxidation of hydrocarbons and alcohols, 
hydrogenation and dehydrogenation, and redox reactions. Very recently, Au 
nanoparticles (NPs) supported on mesoporous silica have been found to display a 
high catalytic activity in oxidation reactions. Mesoporous SBA-15 silica has been 
proved to be the most appropriate support for dispersing Au NPs in comparison with 
other mesoporous silica materials. As Au NPs on SBA-15 silica are mobile and tend to 
aggregate, stabilizing ligands such as chloro-group, amine, and thiol have been applied 
to anchor Au NPs on mesoporous silicas.  
A facile one-pot preparation method was developed in this work. A series of Au 
NPs supported on vinyl-functionalized, thioether-functionalized and thiol-
functionalized mesoporous silica catalysts were prepared, characterized and 
evaluated for cyclohexane oxidation with molecular oxygen. It was found that the 
presence of functionality in the one-pot synthesis system played an important role 
in the immobilization and dispersion of Au NPs on the silica support, which 
determines the overall catalytic properties.   
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Au NPs with an average diameter of 5 nm was obtained on a vinyl-functionalized 
mesoporous silica support by using the one-pot synthesis method. It was observed that 
the Au catalyst prepared by one-pot method exhibited higher catalytic activity (with a 
cyclohexane conversion of 16.6%) and K/A oil selectivity (92.7%) than that of the 
catalysts prepared using the traditional impregnation method.  
Au NPs with diameters in the range of 3-7 nm supported on mesoporous silica were 
obtained by using the one-pot method in the presence of 1,4-bis(triethoxysily)propane 
tetrasulfide (TESPTS) with thioether functionality. The ratio of TESPTS to tetraethyl 
orthosilicate (TEOS) directly determined the mesoporous structure and the dispersion 
of Au NPs on the support. The one-pot preparation chemistry was studied by using 
different techniques and it was observed that the complexation of thioether groups with 
gold precursor (AuCl4
-
) occurred in the synthesis mixture. These complexes evolved to 
form thioether-stabilized Au clusters during hydrothermal treatment, decomposed and 
deposited as Au NPs upon high-temperature calcination or H2 reduction. A sample 
prepared using the one-pot synthesis method with a TESPTS/TEOS ratio of 1/40 and 
followed by calcination displayed the highest catalytic activity with a turn over 
frequency (TOF) of 11653 h
-1
. It was also found that the presence of thioether groups 
on the resultant catalyst poisoned the catalyst because of the strong interaction between 
the thioether groups and the Au NPs. 
Fine Au NPs (2-4 nm) were obtained on thiol-functionalized mesoporous silica with 
the assistance of 3-mercaptopropyltrimethoxysilane (MPTMS) as a functionality,                  
which was found to not only complex Au precursor via thiol functional groups but also 
covalently bond to the silica matrix. The Au (I)-thiolate complexes formed in the 
synthesis mixture and reduced to thiolate-passivated Au clusters upon H2 or NaBH4 
reduction, and completely decomposed to form Au NPs upon calcination. The highest 
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catalytic activity with a TOF of 59951 h
-1
 for cyclohexane oxidation was realized on 
an optimized catalyst. Experiments in the presence of a radical scavenger (Butylated 
hydroxytoluene BHT) and the catalyst Au/MPTMS-SiO2-cal indicate that the 
cyclohexane conversion proceeds via an autocatalytic radical mechanism as suggested 
by Herrijgers and Weckhuysen (2010) and the role of the catalyst in enhancing the 
cyclohexane conversion remains to be elucidated. 
Well dispersed Ru (2-6 nm), Pt (6-11 nm) and Au-Ru (Pt) (2-6 nm) NPs on 
mesoporous silica were prepared by using MPTMS as the functionality. Catalytic 
results showed that single metal NPs exhibited a higher catalytic activity than the 
bimetallic catalysts.  
In summary, MPTMS was found to be the most effective functionality to 
immobilize Au NPs (with a size in the range of 2-4 nm) on the silica support. The 
catalytic properties have been proved to be determined by the amount of surface Au 
atoms. The most promising catalyst for cyclohexane oxidation is gold catalyst with 
10% MPTMS as functionality and a Au loading of 0.4 wt.%. This catalyst exhibited an 
extremely high initial reaction rate which would be considered as an industrial catalyst 
in continuous reaction system. 
Nomenclature 
                                                                                                                                      vii 
Nomenclature 
Au Gold  
Pt Platinum 
Ru Ruthenium 
K/A oil Cyclohexanone and cyclohexanol 
CyOOH Cyclohexylhydroperoxide  
CO Carbon monoxide 
DP Deposition precipitation  
MgO Magnesium Oxide 
TiO2 Titanium dioxide 
Co2O3 Cobalt (III) oxide 
Fe2O3 Ferric oxide 
NiO Nickel(II) oxide 
ZnO Zinc oxide 
Al2O3 Alumina oxide 
SiO2 Silica  




Zirconium oxide  
CeO2 Cerium oxide 
HAuCl4 Hydrogen tetrachloroaurate 
TBHP tert-butyl hydroperoxide 
H2O2 Hydrogen peroxide 
NaOH Sodium hydroxide 
Na2CO3 Sodium carbonate 
DT 1-dodecanethiol 
MPTMS 3-mercaptopropyltrimethoxysilane  
TEOS Tetraethyl orthosilicate  
TMOS Tetramethyl orthosilicate  
TESPTS 1,4-bis(triethoxysily)propane tetrasulfide 
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P123 HO(CH2CH2O)20(CH2CH(CH3)O)70(CH2CH2O)20H 
APTMS Amino-propyl-trimethoxysilane  
PMO Periodic mesoporous organosilica  
TBHP t-butyl hydroperoxide  
PZC Point of zero charge 
IEP Isoelectric point 
fcc Face centered cubic 
SCFs Supercritical fluids  
CVD Chemical vapor deposition 
GC MS Gas chromatography-mass spectrometry 
MAS NMR Magic Angle Spinning Nuclear Magnetic Resonance 
BET Brunauer-Emmett-Teller 
TGA Thermogravimetric Analysis 
SBA Santa Babara Amorphous type materials 
MCM Mobil Crystalline Materials 
SEM Scanning electron microscopy 
TEM Transmission electron microscopy 
UV-vis Ultraviolet-visible  
XPS X-ray Photoelectron Spectroscopy 
XRD X-ray Diffraction  
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1.1 Environmentally friendly chemical technologies 
Chemical industries can be traced back to the production of glass as early as 7,000 
B.C. However, the dramatic development of the chemical industry started from the 1
st
 
half of the 20
th
 century, especially during the World War I and World War II. 
Chemical industry provides a diversity of available products and useful materials for 
the application in all aspects of our society and daily life, including health care 
products, transportation and food industry. During the 19
th
 and in the early 20
th
 century, 
the rapid development of chemical industry dramatically influenced the world's 
economy while environmental problems of chemical processes were ignored. Since the 
1950s’ “smog incident” in London and the publication of Silent Spring (Carson, 1962), 
a rapidly growing concern about chemical pollution discharged from chemical 
industries led to a rapid establishment and implementation of environmental laws 
worldwide, especially in developed countries.  
 In the later half of the 20th century, the concept “green chemistry” was put forward 
and the twelve Principles of Green Chemistry were proposed (“1. Prevention. 2. Atom 
Economy. 3. Less Hazardous Chemical Syntheses. 4. Designing Safer Chemicals. 5. 
Safer Solvents and Auxiliaries. 6. Design for Energy Efficiency. 7. Use of Renewable 
Feed stocks. 8. Reduce Derivatives. 9. Catalysis. 10. Design for Degradation. 11. Real-
time analysis for Pollution Prevention. 12. Inherently Safer Chemistry for Accident 
Prevention.” (Anastas et al., 1998)) Since then, this concept has gained increasing 
prominence. What is “green chemistry”? It’s a concept of the “environmentally 
friendly design of chemical products and processes, while minimizing or avoiding the 
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generation of pollution at the source and the risk to human health and the 
environment” (Anastas et al., 1998). The key of green chemistry processes is 
application of environmentally friendly chemical technologies, which include 
application of clean energy, selection of environmentally benign solvent or solvent-
free, application of alternative catalysts. Among these technologies, the application of 
alternative catalysts (homogeneous or heterogeneous catalyst) to maximize product 
selectivity and prevent the formation of pollutants is a significant one.  
Up to now, most of the chemical processes are still based on the traditional chemical 
technologies that were developed during the first half of the 20
th
 century without 
considering environmental impacts. With the increasing concern of the environmental 
issues and the availability of new materials and techniques, the traditional chemical 
processes should be redesigned and reengineered to be environmentally friendly. The 
use of a catalyst or an alternative catalyst is an important environmentally friendly 
method in achieving green chemistry processes. Especially, the use of heterogeneous 
catalysts (solid catalysts) to replace traditional liquid acid catalysts and Lewis acid 
catalysts (homogeneous catalyst) can eliminate the use of organic solvent, lower the 
total capital cost and avoid subsequent separation and purification processes. More 
importantly, the recyclability of the solid catalysts can avoid the serious pollution and 
secondary wastes.  
1.2 Partial oxidation of cyclohexane  
Selective oxidation of hydrocarbons by air/molecular oxygen, a significant process 
in the chemical industry, provides a greener route for the synthesis of fine chemicals 
and intermediates. A particular focus has been put on the synthesis of cyclohexanone 
and cyclohexanol (also known as K/A oil), because these oxidation products are 
fundamental intermediates for making ε-caprolactam and adipic acid, which are the 
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chemical intermediates in the manufacture of Nylon 6 and Nylon 6, 6 (Zuckerman et al. 
2007). Both Nylon 6 and Nylon 6, 6 are widely used in our daily life.  
It is reported that the worldwide yield of Nylon is about 4 × 10
6
 tons per year. As a 
result, approximately 6 × 10
6
 tons (Franz et al., 2000) per year of cyclohexanone and 
cyclohexanol are produced worldwide by oxidation of cyclohexane. In addition, 
cyclohexanone and cyclohexanol are also used as solvents in lacquers, shellacs, and 
varnishes. And also cyclohexanone and cyclohexanol are applied as stabilizers and 
homogenizers for soaps and detergent production. Furthermore, cyclohexanol ester, 
namely cyclohexyl phthalate, is extensively used as a plasticizer in the surface-coating 
industry. Cyclohexanone is also applied as a starting material in the insecticides, 
herbicides and pharmaceuticals synthesis. 
The oxidation reaction is widely accepted to proceed through a free radical chain 
mechanism (see Scheme 1.1). Cyclohexane (I) is first oxidized in a chain-initiated 
reaction to cyclohexylhydroperoxide (CyOOH, II), and then decomposed in the 
presence of catalytically active species to cyclohexanol (III) and cyclohexnone (IV). A 
further oxidation results in the formation of unwanted by-products. Because the 
primary products, cyclohexanol and cyclohexanone, are more reactive towards 
oxidation under the reaction conditions, the formation of the by-products, mainly ring-
opened acids, is inevitable. Thus, the industrial process is carried out at a low 
conversion rate to ensure that the main products are cyclohexylhydroperoxide 
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Scheme 1.1 Reaction mechanism of cyclohexane oxidation 
In the industry, there are mainly two routes to produce cyclohexanol and 
cyclohexanone (Scheme 1.2). In route (1), cyclohexane is air-oxidized at temperatures 
between 125 ºC and 165 ºC and pressures between 10 bar and 15 bar in the presence of 
a soluble transition metal salt such as Mn or Co naphthenate as homogeneous catalysts, 
giving a 4% conversion of cyclohexane with a 80% selectivity for cyclohexanone and 
cyclohexanol (-one : -nol≈ 1:2). The remaining 20% consists of by-products such as n-
butyric, n-valeric, succinic, glutaric and adipic acids. In another alternative industrial 
process (Scheme 1.2, Route 2), boric acid is added into the cyclohexane oxidation 
mixture to achieve an approximately 10% conversion with 90% selectivity for 
cyclohexanone and cyclohexanol (one:nol ratio ≈ 1:9). Over-oxidation is greatly 
minimized as the boric acid forms precipitate with cyclohexanol and its hydroperoxide 
(Zuckerman et al. 2007). 
;125-165oC;10bar

















Scheme 1.2 Commercial cyclohexane oxidation processes 
For the current commercial processes of cyclohexane oxidation, there are several 
major problems:  
1) Because of such a low conversion, a large amount of unreacted cyclohexane must 
be recycled, thus causing an operational cost; 
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2) Solid wastes are generated because of the neutralization of a large amount of 
homogeneous catalyst; 
3) Separation and reuse of the by-products are costly; 
4) Recycling the catalyst from the reaction medium is costly; 
5) For the process using boric acid as a precipitator, a large amount of solids need to 
be separated and boric acid needs be recycled. 
1.3 Heterogeneous catalysis  
Heterogeneous catalysis refers to those catalytic processes where the catalyst and the 
reactants are in different phases. In the catalysis process, phase includes not only the 
typical solid, liquid, and gas phase, but also immiscible liquids, such as oil and water. 
Catalysts can be classified into gas, liquid and solid catalysts based on their physical 
states. The practical heterogeneous catalysts usually refer to solid catalyst and the 
reactants are mostly gases or liquids. Heterogeneous catalysis is of great significance 
in many areas of the chemical and energy industries, which has attracted Nobel prizes 
three times, namely for Fritz Haber and Carl Bosch in 1918, Irving Langmuir in 1932, 
and Gerhard Ertl in 2007. 
In traditional chemical processes, liquid catalysts are widely applied. However, solid 
catalysts become more and more important as the increasing concern on environmental 
issues. Solid catalysts include metal clusters (such as transition metals and noble 
metals), metal oxide (such as γ-Al2O3), molecular sieves (such as clays and zeolites) 
and supported catalysts, among which supported catalysts have been widely applied in 
the industry (Thomas, 1996). In general, a supported catalyst consists of catalytically 
active component (s), a highly porous support (carrier) and a promoter.  
The catalytic active components are mostly metals or metal oxides, including 
transition metals and noble metals. Noble metals such as Pt, Pd, Ru, Au and Rh are 
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widely used because of their high catalytic activity and stability. For example, 
supported platinum-group catalysts (Pt, Rh, Pd) are commercially used in a three-way 
catalytic convertor (He et al., 2002) and supported gold catalysts have been found very 
active in CO oxidation under low reaction temperatures (Haruta et al., 1993). A 
catalyst support plays an extremely important role in increasing the catalyst 
mechanical strength, providing large surface area for the dispersion of catalyst 
nanoparticles and also saving expensive noble active components. Many materials 
have been applied as a catalyst support such as oxides (aluminas, silicas and 
mesoporous silica MCM-41, SBA-15), mixed oxides (clays and microporous or 
mesoporous zeolites), carbons and polymers. Promoters can be textual promoters, 
electric or structural promoters and poison resistant promoters in terms of their 
function on the catalyst and in the catalytic process. The purpose of the textual 
promoter is to minimize the sintering of catalyst particles (Thomas, 1996). 
1.3.1 Supported gold nanoparticles as catalysts 
Catalysis by gold has become one of the most studied topics in chemistry in recent 
years which was arose by the two significant observation discovered by Haruta (1987; 
1989) and Hutching (1985), namely the discovery of high catalytic activity for low 
temperature CO oxidation and hydrochlorination of acetylene respectively on gold 
catalysts. After that, it was found that gold, when prepared in nanocrystalline form, 
displayed remarkable activity as a heterogeneous catalyst for a broad range reactions 
such as oxidation of hydrocarbons and alcohols (Sacaliuc-Parvulescu et al., 2008), 
alkyne hydrochlorination (Conte et al., 2007), hydrogenation (Choudhary et al., 2003) 
and dehydrogenation reactions (Vinod et al., 2005; Vinod et al., 2005), and redox 
reactions (Corma and Serna, 2006; Enache et al., 2006; Herzing et al., 2008; Chen et 
al., 2009).  
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Gold catalysts have the potential to enhance the performance of partial oxidation 
reactions. Recently, several supported gold catalysts for the partial oxidation of 
cyclohexane were described. Gold-based catalysts including Au/Al2O3 (Xu et al., 
2007), Au/TiO2/SiO2 (Xu et al., 2007), Au/ZSM-5 (Zhao et al., 2004), Au/MCM-41 
(Lu et al., 2004) and hybrid Au/SBA-15 (Zhu et al., 2005) have been shown to be 
highly active in selective oxidation of cyclohexane using molecular oxygen. These 
catalysts all exhibited relatively high activity and selectivity for cyclohexane oxidation, 
especially high selectivity to goal products (90%). It was also reported (Haruta et al., 
1998) that partial oxidation reaction occurs at lower reaction temperature and milder 
conditions when the gold nanoparticles are in the range of 2-5 nm. The mild reaction 
conditions are helpful to obtain higher selectivity on cyclohexane oxidation. Thus, 
well-dispersed gold nanoparticles are potential catalytically active component for 
cyclohexane oxidation reaction. 
1.3.2 Mesoporous materials 
A mesoporous material is a material containing pores with diameters between 2 and 
50 nm according to IUPAC notation (Rouquerol et al., 1994). Typical mesoporous 
materials include both silica and alumina that have fine-sized mesopores. A procedure 
for producing ordered mesoporous materials was first described by Yanagisawa et al. 
(1990). Subsequently, scientists at Mobil Corporation (now ExxonMobil) reported a 
general approach to producing ordered mesoporous materials by using a so-called 
surfactant-template method (Beck et al., 1992). They named the materials Mobil 
Crystalline Materials (MCM).
 
Since then, a great interest about mesoporous materials 
has been arisen. Six years later, ordered mesoporous materials with larger pore sizes 
(4.6 - 30 nm) and thicker pore walls were described by Zhao and co-workers (1998). 
The materials have a hexagonal array of pores and named Santa Barbara Amorphous 
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type material, or SBA-15. After that, intensive studies have been conducted on 
mesoporous materials, especially on mesoporous silica materials. Notable examples of 
prospective applications of these mesoporous materials are catalysis, sorption, gas 
sensing, ion exchange, optics, and photovoltaics. 
Mesoporous silica SBA-15 is a potential catalyst support because of its controllable 
pore dimensions (4.6-30 nm), large specific surface area (>1000 m
2
/g) and highly 
ordered pore structures, which benefit the loading and stabilizing of active 
components. It has been reported that surface-functionalized SBA-15 materials can 
afford strong binding or stabilizing sites for gold nanoparticls (Hu et al., 2007; Chen et 
al., 2009). SBA-15 can be easily functionalized by various organic groups through 
introducing different organic silicon precursors during the synthesis of SBA-15 
(Chong et al., 2004; Nakamura et al., 2007). Furthermore, the well-developed 
mesoporous structure favors the diffusion of reactant and products molecules to the 
active sites. Thus, functionalized SBA-15 is a promising gold catalysts support.   
 The novelty of this work relies in the preparation method of gold catalyst in 
comparison to Zhu et al.’s (2005) work. In their work, the functionalized Au/SBA-15 
catalysts were prepared by a multi-step preparation procedure which was complicated 
and troublesome, involving SBA-15 synthesis, surface functionalization, toluene 
washing and Au nanoparticles immobilization. However, in our method, the 
preparation procedure was much easier because a one-pot synthesis strategy was 
applied. Another important novelty of this work is the study on the formation 
mechanism of one-pot synthesis in the presence of functionality which has never been 
touched in the literature.  
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1.4 Objectives of thesis work 
This thesis work is aimed to design and prepare novel mesoporous silica supported 
gold nanoparticles with high activity, selectivity and stability for catalytic application 
in cyclohexane oxidation. Specifically, the thesis work aims to: 
 develop a highly active, selective and stable gold catalyst supported on 
mesoporous silicas for cyclohexane oxidation using molecular oxygen as 
oxidant in a solvent-free system under mild reaction conditions,  
 optimize the reaction conditions to obtain a catalysis system with high 
cyclohexane conversion and useful product selectivity, 
 clarify the particle size effect, supports effect, promoter effect and interaction 
effect on the cyclohexane oxidation,  
 clarify the reaction kinetics and mechanism on optimized catalyst.  
1.5 Structure of thesis   
Beginning from a brief background description of this thesis work in Chapter 1, 
Chapter 2 presents a comprehensive literature review on supported gold catalysts and 
catalytic oxidation of cyclohexane. Presented in Chapter 3 are the chemicals and 
reagents and experimental methods used in this thesis work. Chapter 4 discusses the 
preparation, characterization and catalytic properties of gold nanoparticles supported 
on vinyl-functionalized mesoporous silica for selective oxidation of cyclohexane. 
Chapter 5 presents the research results of gold nanoparticles supported on thioether-
functionalized mesoporous silica for selective oxidation of cyclohexane. Discussed in 
Chapter 6 are the experimental data of characterization and catalytic performance of 
thiol-functionalized mesoporous silica supported gold nanoparticles for selective 
oxidation of cyclohexane, mainly focusing on how mesoporous structure, gold loading 
and gold dispersion are affected by the ratio of functionality and thus further to the 
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catalytic properties. Chapter 7 presents the study of applying thiol groups to prepare 
mesoporous silica supported other metal nanoparticle catalysts. Outlined in Chapter 8 
are the main conclusions drawn from the present thesis work and the suggestions for 
future work.   
 Chapter 2. Literature Review 




2.1 Gold nanoparticles as catalysts      
Gold (Au) had been traditionally recognized as a very inert metal. This view was 
changed by Hutching (1985) and Haruta’s (1987) pioneering work on applying 
supported Au for CO oxidation at low temperature and hydrochlorination of acetylene, 
respectively, and extraordinary activity was observed. Subsequently, Au catalysts have 
been successfully applied to a variety of reactions such as epoxidation of propene 
(Kapoor et al., 2002), the hydrogenation of unsaturated alkenes (Radnik et al., 2003), 
oxidation of alcohols (Abad et al., 2005) and aldehydes (Corma and Domine, 2005), 
direct synthesis of H2O2 (Landon et al., 2003), carbon–carbon bond formations 
(Hashmi, 2007) and others (Carrettin et al., 2005).  
Au nanoparticles, when dispersed in a dimension less than 10 nm, exhibit excellent 
catalytic performance, a particular property not obtained in bulk gold. The small gold 
nanoparticles are easy to agglomerate, leading to the degradation of activity. In order 
to achieve high catalytic activity and stability, gold nanoparticles are usually dispersed 
and stabilized on support. The catalytic performance of a supported gold nanoparticle 
catalyst highly depends on three factors: 1) gold nanoparticle related, such as the size 
and shape of the gold nanoparticles; 2) support related, viz., the structure and 
properties of oxide supports and 3) gold-support interactions (summarized in Figure 
2.1). All of these factors directly depend on the preparation method.  
Several preparation methods, such as co-precipitation method, deposition-
precipitation method, anion adsorption and co-synthesis method, have been developed 
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and applied to prepare supported Au nanoparticle catalysts. The resultant catalysts 
have been widely applied in a variety of reactions, especially oxidation reactions. 
Thus, in this part, I will mainly focus on reviewing the preparation methods and 
catalytic application of supported Au catalysts. 
 
Figure 2.1 Factors related to the catalytic performance of a supported gold nanoparticle 
catalyst (Min and Friend, 2007). 
 
The catalytic performance is expressed by several basic concepts in catalysis such as 
conversion, selectivity, turnover number (TON) and turnover frequency (TOF). 
Conversion is the ratio of reactant converted to the total amount of reactant fed. 
Selectivity is the molar percentage of useful products produced to the total molar of 
reactant converted. Turnover frequency is the number of molecules formed per active 
site per second. TON, total number of product formed molecules per active site TON= 
TOF*catalyst life time. 
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2.1.1 Preparation methods 
Supported gold nanoparticles are traditionally synthesized from gold salt precursors 
(HAuCl4) using aqueous chemistry. The wet-impregnation method was first applied to 
synthesize gold catalysts (Sermon et al., 1979), however, this method usually led to 
large gold particles (10-35 nm) even for low gold loading (1-2 %), leading to poor 
catalytic activity. Co-precipitation (Haruta et al., 1987; Haruta et al., 1989) and 
deposition- precipitation (Tsubota et al., 1995; Haruta, 1997) are the two most popular 
preparation methods. In these two methods, gold precursors are either co-precipitated 
with support precursors or directly deposited on the oxide support surface. Several 
other methods for the precisely controlling of gold nanoparticles have also been 
developed, such as chemical vapor deposition (Lee et al., 2004), deposition of colloidal 
gold onto support (Li and Zeng, 2006) and co-synthesis methods (Chen et al., 2009). 
The co-precipitation method 
The co-precipitation method was first applied for the preparation of Au 
nanoparticles supported on various oxides (α-Fe2O3, NiO and Co3O4) by Haruta in 
1987 (see Table 2.1). In a typical synthesis procedure, the gold precursor (chloroauric 
acid) and a support precursor (transition metal nitrate) were co-precipitated with 
sodium carbonate in an aqueous solution. The precipitate was washed, vacuum dried, 
and calcined in air at 673 K for 4 h. This method led to high gold dispersion (Au 
particle size < 10 nm). It is a single step method and the preparation procedure is easy 
to carry out; however, some of the Au particles may be embedded in the bulk of 
support and the gold precursors may not be completely precipitated. And this method 
works only for certain metal oxides, because of different precipitation rate of two 
hydroxides.  
One of the most widely studied materials made by this method is gold on ion oxides 
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(Haruta et al., 1989; Finch et al., 1999; Herzing et al., 2008). Au/Fe2O3 prepared by co-
precipitation method was still active after heating in air at 673 K. This is because that 
the presence of Au affected the nature of iron oxides and led to its phase transitions, 
which may be highly active to the reactions. 
Table 2.1 Au/oxide samples prepared by co-precipatation (Haruta et al., 1987; 
Haruta et al., 1989) 
Oxide support Au (wt.%) Tcalc. (K) Au average size (nm) 
MgO 2 473 < 2 
TiO2 5 873 5 
Co3O4 5 673 6 
Fe2O3 5 673 4 
NiO 10 673 8 
ZnO 5 673 8 
Al2O3 5 573 5 
SiO2 5 573 20 
Cr2O3 5 673 >30 
 
The deposition-precipitation method 
The deposition-precipitation method was developed by Hayashi (1998) to precipitate 
metal hydroxide on the oxide support. A typical preparation procedure is as follows. 
After adding support in an aqueous solution of HAuCl4, the pH of the suspension was 
raised to 7 or 8 by adding sodium hydroxide or carbonate. Au(OH)3 was immobilized 
onto support (TiO2) and these precursors were washed, dried, and calcined in air at 673 
K for 3 h. It was found that fine gold metallic particles with diameters smaller than 4 
nm could be obtained in a uniform dispersion. However, the gold loading efficiency 
was quite low, only 40–80% of gold precursors in the solution were loaded on the 
support (Zanella et al., 2002).  
Further studies applied urea to replace the sodium hydroxide or carbonate as 
precipitator (Hugon et al., 2010; Zanella et al., 2002). Small gold particles were 
obtained on titania, alumina and ceria when the deposition-precipitation time was long 
enough (at least 4 h). The deposition-precipitation with urea method was also only 
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applicable to the same supports as deposition-precipitation with sodium hydroxide at a 
fixed pH. But it had the advantage that all the gold precursors in solution can be 
deposited onto the support and the gold loading can be easily controlled.  
This method led to well dispersion of Au nanoparticle on support. However, the 
metal dispersion on the support, the size and size distribution of gold nanoparticles on 
resultant catalysts were highly dependent on the following preparation parameters: (1) 
pH value and concentration of the initial preparation solution; (2) the value of 
isoelectric point and different type of the oxide support; (3) heat treatment procedure 
(Haruta, 2002). For example, in the deposition-precipitation (DP) method, a pH value 
of 6–10 is required and the supports having a PZC greater than 5, such as MgO, TiO2, 
Al2O3, ZrO2 and CeO2 (Haruta, 2002; Zanella et al., 2005) are the appropriate ones, 
while acidic and/or hydrophobic supports such as SiO2, WO3, SiO2-Al2O3, and 
activated carbon are not applicable. 












TiO2 HAuCl4 NaOH (7-10) 573 < 4.0 
(Tsubota et al., 
1995) 
 HAuCl4 NaOH (8) 573 < 3.0 (Zanella et al., 
2002)  HAuCl4 Urea (7) 573 2.0 
 HAuCl4 Urea (3.9) 673 3.2 (Hugon et al., 
2010) Al2O3 HAuCl4 Urea (4.5) 573 2.1 
 HAuCl4 NaCO3 (7.5) 473 2.3 
(Wolf and 
Schuth, 2002) 
Co2O3 HAuCl4 NaCO3 (6.8) 473 - 
ZrO2 HAuCl4 NaCO3 (6.8) 473 - 
CeO2 HAuCl4 NaOH (10) - 5 
(Abad et al., 
2005) 
 HAuCl4 NaCO3 673 5.5 
(Yuan et al., 
2008) 
 HAuCl4 Urea (4.3) 353 8.1 
(Zanella et al., 
2002) 
SiO2 Au(en)2Cl3 NaOH (10) 773 3.0 
(Yin et al., 
2010) 
 
 Chapter 2. Literature Review 
   16 
The chemical vapor deposition method 
In contrast to traditional co-precipitation and deposition-precipitation methods, 
Goodman and coworkers (2004; 2006) have successfully prepared supported gold 
nanoparticle catalysts by chemical vapor deposition method. The synthesis was carried 
out in high vacuum chambers and the resultant catalyst was considered as a model 
system for fundamental investigation the origin of their catalytic activity. In this 
method, Au nanoparticles were deposited onto a TiO2 surface at 300 K in an ultrahigh 
vacuum (UHV-base pressure ≈ 2 × 10-10 mbar) and subsequently annealed at 850 K for 
2 min. Well dispersed Au particles with narrow particle size distributions from 1 to 50 
nm can be synthesized by varying the amount of Au precursors introduced.  
This method is very useful for developing model catalysts for reaction mechanism 
studies and this method could be applied to prepare Au nanoparticles supported on 
silica and carbon supports. However, dimethylgold acetylacetonate (Me2Au(acac)) was 
reported as the only compound that was suitable for this method and the operation 
must be conducted in the absence of moisture and air, thus the rigorous synthesis 
process was not applicable for practical large scale applications.  
The anion/ cation adsorption 
Since HAuCl4 gives anionic complexes in aqueous solution (see Fig. 2.2), anion 
adsorption is possible when the pH of the solution is lower than the point of zero 
charge of the support. Thus, the anion adsorption method was applied for the 
preparation of Au/TiO2 at a fixed pH = 2 which is lower than IEP of TiO2; the 
equilibrium was achieved quickly (< 15 min). However, the Au loading never 
exceeded 1.5 wt.%, the Au loading efficiency was about 20%, and the average particle 
size was about 4-6 nm (Moreau et al., 2005). 
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The application of cation adsorption method to prepare catalyst Au/TiO2 was 
conducted with Au(en)2Cl3 (en = ethanediamine) as gold precursor. The adsorption of 
Au(en)2
3+
 complexes on TiO2 was realized by controlling the pH of the solution to a 
higher value (9.4 or 10.3) which is higher than IEP of TiO2. With the increase of 
adsorption time, the Au loading increased but Au particle size increased as well, and it 
was found that adsorption amount of Au was much lower than the expected value. 
 





as a function of the pH of the solution (Moreau et al., 2005). 
 
The colloidal deposition method 
The traditional deposition-precipitation method is very useful for metal oxide 
support, but it produces unsuitable large aggregates of Au particles with acidic and 
hydrophobic supports such as SiO2, WO3, SiO2-Al2O3, and activated carbon. 
Deposition using the adsorption of Au complex/preformed Au NPs on these supports 
thus has been extensively studied in recent years.  
 A major challenge of conventional aqueous solution preparations is the difficulty to 
find a general way to obtain small and uniform gold nanoparticles dispersion on 
different oxide supports. The supported gold nanoparticles prepared by Haruta and co-
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workers usually have a particle size standard deviation above 30%. Thus, a more 
controllable method for the preparation of isolated gold nanoparticles has been 
developed by Brust et al. (1994; 1995). Later, nearly mono-dispersed gold 
nanoparticles with size standard deviation less than 10% have been achieved in large-
scale synthesis (Schaaff et al., 2001; Tsunoyama et al., 2005; Zheng and Stucky, 2006). 
The homogeneously deposition of these gold nanoparticles on supports is a potential 
route for practical catalytic application.  
The Au colloidal deposition method is such a method to deposit pre-synthesized 
homogeneously dispersed Au nanoparticles onto the support. The adsorption of gold 
colloids on support was reported by many research groups with different stabilizing 
ligands or reduction agents. A systematic study was reported by Comotti and 
coworkers (2006). The Au metallic sols were prepared via using organic molecules as 
protecting agent (polyvinyl alcohol) and sodium borohydride (NaBH4) as reducing 
agent. Different commercial supports were applied to evaluate the support effect. The 
metal oxide supports used in their study were chosen to discriminate between active 
(TiO2, ZnO) and passive (Al2O3, ZrO2) materials. The most active catalysts were 
obtained with TiO2 and Al2O3 as support; while ZnO and ZrO2 supported Au catalysts 
exhibited poor activity. Catalyst Au/TiO2 showed very good recyclability and thermal 
stability. Later, Zhong and coworkers (2007) reported a similar work to deposit gold 
particles on Fe2O3 support via using lysine as capping agents to stabilize Au colloids. 
The advantages of using this method include a rapid reaction and preparation process, 
and the easy removal of ligand molecules at a low calcination temperature (473 K). 
In order to get a better control of Au particle size, Zheng and Stucky (2006) 
developed an one-step synthetic strategy in a single organic phase and nearly mono-
dispersed gold nanoparticles were obtained. Weak reducing agents (amine-borane 
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complexes) were used and the homogeneous deposition of gold nanoparticles on 
supports TiO2, SiO2, ZnO and Al2O3 were achieved because the presence of relatively 
weak interactions between metal nanoparticles and the substrates in an aprotic solvent. 
However, the weak interaction between gold nanoparticles and supports usually led to 
sintering during the calcination step or reaction.  
Li and Zeng (2006) modified the colloids deposition method by depositing 
monodispersed Au nanoparticles (2-4 nm in size) on functionalized anatase TiO2 
support at low temperature (Figure 2.3 b). In their method, the Au nanoparticle 
suspension was first formed in a tetra-n-octylammonium bromide toluene solution and 
dodecanethiol was applied as stabilizer. At the same time, the TiO2 support was treated 
by post growth treatment to bear functional groups on the surface. And finally, the 
support was mixed with the Au NPs suspension to allow self assembly of Au NPs on 
the TiO2 support.  
 
Figure 2.3 Illustrative comparison: (a) conventional metal ion impregnation method; (b) 
the present “impregnation” method; and (c) photo assisted reductive method (Li and 
Zeng, 2006). 
 
 Chapter 2. Literature Review 
   20 
In addition, adsorption of protected Au clusters onto porous support has also been 
widely studied in recent years. A method to immobilize ∼1 nm Au clusters within 
mesoporous silicas (SBA-15, MCF, HMS) has been demonstrated by Liu (2009) 
(Figure 2.4). In this method, triphenylphosphine-protected Au11 (Au11:TPP) clusters 
were applied as precursors, and the deposition of Au clusters on the silica support were 
carried out in an organic medium and the obtained Au11:TPP-silica composite was 
calcined to remove the functional ligands. The Au cluster size on the resultant catalyst 
was measured and estimated to be 0.8 nm. The preparation of Au NPs supported on 
functionalized mesoporous silica materials will be further reviewed in Section 2.1.2.  
In all the Au colloid deposition methods, the gold particle size and metal loading can 
be well-controlled. However, the activation of such colloids is often a problem because 
the presence of the stabilizing ligand, which is often difficult to be removed, and 
moreover, the preparation procedures are rather complicated. 
 
 
Figure 2.4 Synthesis procedure of sub-nanometer-sized Au clusters within SBA-15 
using Au11: TPP as a precursor (Liu et al., 2009). 
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The one-pot sol-gel method 
The sol-gel method involved only single step of hydrolysis of support precursors 
and Au precursors (HAuCl4 solution) in one pot and the gold being reduced either 
thermally or by UV radiation. This sol-gel method was first used for preparing 
Au/Al2O3 catalysts from various gold precursors (gold acetate, hydrogen 
tetranitratoaurate and hydrogen tetrachloroaurate) (Seker and Gulari, 2002). It was 
reported that the activity of Au supported on alumina was strongly dependent on the 
Au loading, the Au precursor and the activation procedure. The Au/Al2O3 catalyst 
derived from the Au acetate precursor was much more active than those derived from 
hydrogen tetranitratoaurate and hydrogen tetrachloroaurate precursors. However, all 
these Au/Al2O3 catalysts contained Au particles about 30 nm in size (Seker and Gulari, 
2002). 
An alternative approach in this sol-gel method is to synthesize the support in the 
presence of Au colloids protected by stabilizing ligands (such as alkanethiolate) 
(Pietron et al., 2002). For instance, Au/TiO2 catalysts were prepared by adding 
alkanethiolate-monolayer-protected Au clusters (with 2 nm Au cores) to titania sol 
before the hydrothermal process. Uniformly dispersed Au clusters in the composite 
aerogel were obtained and after calcination the Au clusters aggregated to 6 nm on 
anatase.  
Nevertheless, the sol-gel method seems to be unsuitable for preparing small Au NPs 
on an oxide support since part of Au NPs may be embedded in the matrix. However, 
this method is applicable in the preparation when the oxide support has a porous 
structure. Au NPs have been successfully incorporated into mesoporous materials such 
as MCM-41 and SBA-15 through this method which will be discussed in Section 2.1.2.  
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Other preparation methods were also applied to prepare supported Au NP catalyst, 
such as deposition of organgold complexes (Yuan et al., 1997; Mathieson et al., 1998), 
photochemical deposition (Fernandez et al., 1995), sonochemical techniques (Fasi et 
al., 2003) and spray techniques (Uematsu et al., 2002). However, there were still some 
limitations with these methods for large scale application. 
Briefly, the traditional preparation methods, such as co-precipitation and deposition-
precipitation methods, have been widely applied for the preparation of Au NPs catalyst 
because of their simplicity and ease of manipulation. However, in such methods, 
limitations such as a low Au deposition efficiency or an inhomogeneous Au particle 
size distribution still exist. The modified chemical vapor deposition and adsorption 
method have improved the distribution of Au particles and Au deposition efficiency 
but the rigorous and troublesome preparation procedures are not suitable for practical 
applications. One-pot sol-gel method for preparing gold nanoparticles incorporated 
into porous supports seems to be a promising method for the preparation of well-
dispersed Au nanoparticle catalyst and the detailed are summarized in Section 2.1.2. 
2.1.2 Gold nanoparticles supported on functionalized mesoporous silica   
Porous silica materials, such as MCM-41, ZSM-5 and SBA-15, have been 
considered as good catalyst supports because of their well-developed porous structures. 
It has been found that Au NPs are mobile on silica surface due to the weak interactions 
between the Au particles and the support (Bore et al., 2004). In order to firmly anchor 
Au nanoparticles on the silica surface, stabilizing ligands such as chloro-group (Zhu et 
al., 2005), amine (Zhu et al., 2003), and phenyl (Maddanimath et al., 2005), have been 
used to modify the mesoporous silica. Such functionalized silica can be easily obtained 
either via a post-treatment of the silica materials with functionality or a one-pot 
synthesis of functionalized silica. The adsorption of Au precursors or stabilized Au 
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nanoparticles onto these functionalized mesoporous silica are the commonly used 
procedures. Recently, the well-developed one-pot sol-gel method with functionality in 
our group is a facile method to prepare highly dispersed Au NPs on mesoporous silica.  
Adsorption of Au onto functionalized mesoporous silica 
The functionalization of silica can be achieved by two routes: one is post-treatment 
of silica materials and the other is one-pot synthesis of functionalized silica. The 
typically used protecting ligands to Au nanoparticles are ligands containing amine or 
thiol groups (Daniel and Astruc, 2004). Mukherjee and co-workers (2001; 2003) 
modified mesoporous silica surface by using 3-aminopropyltrimethoxysilane (APTMS) 
and 3-mercaptopropyl-trimethoxysilane (MPTMS) to prepare mono-dispersed Au NPs 
on MCM-41. In a typical synthesis, MCM-41 powder is suspended in toluene solution 
containing a fixed amount of APS/MPTMS and refluxed for 5 h. The resulting 
materials are filtered off, washed with toluene, and dried to remove the remaining 
solvent. The preparation of supported Au catalysts is achieved by impregnating surface 
functionalized MCM-41 support in the HAuCl4 solution for several days (shown in 
Figure 2.5). Later, Zhu and co-workers (2005) modified SBA-15 with amine and thiol 
groups for preparing Au/SBA-15 catalysts following the same preparation method.  
Recently, silica mono-spheres modified with aminosilane compounds (3-
(Methylamino)propyl] trimethoxysilane, [3-(Phenylamino)propyl] trimethoxysilane 
and 3-(Diethoxymethylsilyl)propylamine) have been synthesized (Penkova et al., 
2009). Depending on different amine applied, the point of zero charge (PZC) of the 
silica support varied from 2.1 to 5.1, 6.5 and 7.2, and gold nanoparticles catalysts were 
further prepared on these functionalized supports by a deposition precipitation method. 
However, the aggregation of Au particles still existed during the preparation and/or 
reaction. 
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Figure 2.5 Preparation procedure of Au catalyst supported on functionalized-MCM-41 
(Penkova et al., 2009). 
 
Later on, a modified external passivation method has been proven to be effective in 
avoiding the formation of large aggregation of particles on the exterior surface of 
periodic mesoporous organosilica (PMOs) (Wei et al., 2009). In this study, the external 
surface was functionalized with n-octadecyltrimethoxysilane (C18TMS) and after that 
aminopropyltrimethoxysilane (APTMS) was used to modify the internal surface of the 
material to enhance the adsorption of HAuCl4 complex, and subsequently reduction 
under hydrogen atmosphere (see Figure 2.6). The aminopropyl groups applied ensured 
the confinement of gold nanoparticles inside the channels of PMOs with a size of less 
than 5 nm and the selective surface functionalization could prevent the growth of large 
gold particles on the external surface.  
 
Figure 2.6 A modified external passivation route to control location of gold 
nanoparticles within periodic mesoporous organosilica (Wei et al., 2009). 
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On the other hand, functionalizing silica support via the co-condensation of silica 
precursors with functionality is another good technique for anchoring Au particles on a 
silica surface. Jin and Taniguchi (2007) have applied this co-condensation strategy to 
immobilize the Au NPs in periodic mesoporous organosilica PMO-SBA-15 with 
disulfide groups. The PMO-SBA-15 was synthesized by co-condensation of an ionic 
liquid silsesquioxane organic precursor with TEOS in the presence of surfactant. After 
the co-condensation, the aqueous chloroaurate ions were introduced and in situ 
reduced to form Au NPs. These Au NPs were anchored by the disulfide groups, 
possessing a mean Au size of ca. 1.8 nm (see Figure 2.7).  
 
Figure 2.7 Procedure for the synthesis of the Au-PMO-SBA-15 (Jin and Taniguchi, 
2007). 
 
In another work, highly mono-dispersed thiol-functionalized nanoporous silica 
spheres were successfully synthesized via a surfactant-directed co-condensation of 
tetramethylorthosilicate (TMOS) and 3-mercaptopropyltrimethoxysilane (MPTMS) in 
a very dilute alkaline methanol–water mixture. By using the thiol groups as the 
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adsorption sites of a gold precursor, the thiol-functionalized spheres were converted 
into mono-dispersed gold-nanoparticle-embedded nanoporous spheres (Nakamura et 
al., 2007). 
Via these Au complex adsorption approaches, the preparation procedures are 
simplified and the loading of the Au can be better controlled. However, similar to the 
Au colloid deposition approach, the difficulty in the activation of the Au colloids still 
exists.  
One-pot sol-gel method in the presence of functionality 
There are two different procedures for the one-pot sol-gel method to incorporate Au 
NPs into mesoporous silica materials: one is via co-condensation of silica precursors 
with preformed Au colloids and the other is via co-condensation of silica precursors in 
HAuCl4 solution.  
For example, Corma et al. (2005) first prepared Au colloids (2- 5nm) that are 
stabilized by the organic ligand (N-[3-(triethoxysilyl)propyl] O-
2(dicetylmethylammonium)ethyl urethane), followed by the hydrolysis of the silica 
precursor tetraethylorthosilicate (TEOS) in the presence of the Au colloids. The 
stabilizing ligand interacted with the Au NPs through the quaternary ammonium ions 
and at the same time, the triethoxysilyl group co-condensed with TEOS to form the 
silica matrix (see Figure 2.8). In another work, a modified sol–gel approach (Figure 2.9) 
for the preparation of Au NPs embedded in silica was developed by Budroni and 
Corma (2006). In their study, Au NPs stabilized by both 1-dodecanethiol (DT) and 3-
mercaptopropyltrimethoxysilane (MPTMS) were prepared in ethanol solution. The 
Au–organic–silica composite was formed by the catalyzed co-condensation of 
MPTMS and TEOS. The thiol groups of the MPTMS acted as bi-functional ligands 
which co-condensed with TEOS around the Au particles and linked gold particles on 
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silica matrix. The long alkane chains of DT created extra space between the metal 
particles and the silica shell. However, the functionalities were retained in the resultant 








Figure 2.9 Schematic representation of gold nanoparticles capped with 1-dodecanethiol 
(DT) and 3-mercaptopropyltrimethoxysilane (MPMS) (Budroni and Corma, 2006). 
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In route two, it involves only a single step of hydrolysis of support precursors in the 
HAuCl4 solution. Lu et al (2005) successfully incorporated Au NPs into MCM-41 
during the synthesis of the mesoporous support. It was reported that the addition of a 
bifunctional aminosilane ligand in the synthesis mixture favored the simultaneous 
formation of mesoporous supports (MCM-41, HMS and SMU) and the incorporation 
of Au NPs as shown in Figure 2.10 (Zhu et al., 2003; Lee et al., 2004). The 
bifunctional ligands can not only complex with Au(III) via the amine functional groups 
but also form covalent bonds with the porous silica matrix via siloxane groups during 
the sol-gel surfactant template synthesis. This approach is suitable for the synthesis of 
Au NPs in mesoporous materials under neutral or basic conditions, but not applicable 
in acidic solution, because the protonation of amine groups. 
The breakthrough of one-pot preparation of supported Au nanoparticles under acidic 
conditions was achieved recently by Chen and Hu (2007; 2009). A simple one-pot 
synthesis method was developed through which the well-dispersed Au NPs were 
successfully intercalated into the walls of mesoporous silica (Figure 2.11). In this 
method, the functionality 1,4-bis(triethoxysily)propane tetrasulfide (TESPTS) and 
tetraethyl orthosilicate (TEOS) were applied as silica precursors. Thus, TEOS co-
condensed with TESPTS forming the thioether groups in the framework and HAuCl4 
were effectively anchored. Subsequently, calcination of the sample at high temperature 
reduced the gold salt to gold nanoparticles and organic moieties were removed, 
yielding highly dispersed gold nanoparticles confined in the walls of mesoporous 
silica. The resultant catalyst systems have been proved chemically and mechanically 
robust, and could be easily separated and reused. This simple one-pot process has 
synthesized an Au catalyst with high Au loading efficiency and small Au particle size. 
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Figure 2.10 One-step synthesis of Au NPs incorporated in MCM-41 (Lee et al., 2004). 
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Figure 2.11 One-pot preparation of supported Au nanoparticles with TESPTS as 
functionality (Hu et al., 2007). 
 
Mesoporous SBA-15 (Zhao et al., 1998) has been proved to be a better catalyst 
support for Au catalyst in comparison with other mesoporous silica materials 
(including HMS, MCM-41, MCM-48, SBA-16), because of  its two dimensional (2D) 
hexagonal pore structure, large pore size and strong pore wall to immobilize the 
particles trapped inside the pores (Bore et al., 2005; Lee et al., 2009). Until now, one-
pot sol-gel methods coupled with the inclusion of functionality for the incorporation of 
Au NPs in porous SBA-15 supports are probably the most promising technique for the 
preparation of well-dispersed Au nanoparticle catalysts.   
2.1.3 Applications of gold nanoparticle catalysts 
Catalysis by gold has become one of the most studied topics in chemistry in recent 
years which was arose by the two significant observations discovered by Haruta and 
Hutching, namely the discovery of high catalytic activity for low temperature CO 
oxidation and hydrochlorination of acetylene on gold catalysts. After that, it was found 
that gold, when prepared in nanocrystalline form, displayed remarkable activity as a 
heterogeneous catalyst for a broad range reactions such as oxidation of hydrocarbons 
and alcohols, hydrogenation and dehydrogenation reactions, and redox reactions 
(Corma and Serna, 2006; Enache et al., 2006; Herzing et al., 2008; Chen et al., 2009).  
This part of review mainly covers the recent development of gold nanoparticles for 
selective chemical synthesis other than selective oxidation reaction since the 
development of gold catalysts for selective oxidation reactions will be reviewed in 
Section 2.1.4. The selective chemical syntheses discussed here are mainly 
hydrogenation of unsaturated molecules (alkynes, alkadienes and aromatic molecules), 
dehydrogenation reactions to produce hydrogen and alkyne hydrochlorination.  
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Catalysts Au/TiO2 and Au–Pd/TiO2 has been investigated  for hydrogenation of 
acetylene and led to high acetylene conversion level (Choudhary et al., 2003). The 
Au/TiO2 catalyst with Au particle size of ~ 4.6 nm exhibited a distinctly high 
selectivity (> 90%) to ethylene at acetylene conversion of 100%. It was found that the 
catalytic activity was closely related to the preparation method and Au particle size. 
However, the activity lost quite rapidly. The hydrogenation of acetylene and ethylene 
was also studied on Au/Al2O3 catalyst (Jia et al., 2000). It was observed that ethylene 
was the main product on this catalyst in the temperature range of 313 to 523 K. The 
further hydrogenation of ethylene occurred only at a temperature higher than 573 K. It 
was also confirmed that the catalytic activity depended on the size of gold particles. 
Dehydrogenation of small organic compounds such as methanol and methanoic acid 
to produce hydrogen is a reaction of great interest. Vinod and co-workers (2005a; 
2005b) studied the dehydrogenation of methanol on Au (310).  It was found that the 
defects on Au (310), in the form of steps and kinks, were essential in the activation of 
O–H bond. The activation of methanol on Au (310) surface followed the mechanism of 
partial decomposition of reactant to a methoxy species without the assistance of 
adsorbed oxygen. Moreover, the intermediate (methoxy species) was found to be stable 
even till 500 K.  
The earliest example of alkyne hydrochlorination using gold-based catalyst was 
notable for the production of vinyl chloride and vinyl acetate. In a recent study, Conte 
and coworkers (2007) applied Au/C catalyst for the hydrochlorination of higher 
alkynes. It was found that the steric factors played an essential role in the higher 
alkynes hydrochlorination reaction and a trend in activity was clarified as: acetylene 
>> hex-1-yne > phenylacetylene > hex-2-yne.  
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2.1.4 Gold nanoparticle catalysts for oxidation reactions  
As mentioned, gold catalysts exhibited remarkable activity as a heterogeneous 
catalyst for a broad range of redox reactions. Of particular note is the ability of gold 
catalysts, comprising nanocrystalline metallic gold, to catalyze oxidation reactions, 
such as carbon monoxide oxidation, alkene epoxidation, alcohol oxidation and alkane 
oxidation.  
Low-temperature CO oxidation 
The discovery that very small (< 5 nm) gold nanoparticles supported on suitable 
metal oxides are active for carbon monoxide oxidation even below room temperature 
(Haruta et al., 1987; Haruta et al., 1989) has inspired a considerable amount of 
research in gold as a catalyst. The importance of new processes for low-temperature 
CO oxidation is that current commercial catalysts for automotive pollution control 
(platinum-group metals), are not very active at low temperature, leading to the “cold 
start-up” problem in which much of the CO produced by incomplete combustion is not 
oxidized for operation temperatures below 473 K (Campbell, 2004). However, gold 
based catalysts oxidize CO at much lower temperature (even at room temperature or 
below).  
Carbon monoxide oxidation has been therefore adopted as a model reaction to reveal 
how the preparation, composition and structure of gold catalysts determine their 
activity, probably because it is a simple reaction to follow. Almost all present Au 
catalysts have been tested for CO oxidation and the influence of properties of gold 
particles, supports and active oxygen species were discussed. There is really a vast 
literature on the gold catalyzed oxidation of carbon monoxide, thus, in this part the 
determining factors to the catalytic activity will be considered and the oxidation 
mechanism will be reviewed. 
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The activity of a supported gold catalyst for carbon monoxide oxidation is 
dependent on two characteristics: factors related to the gold particle and chemical 
nature of the support. Studies of CO oxidation on supported Au nanoparticles 
definitively showed that smaller particles are more active on a variety of oxide 
supports (Bamwenda et al., 1997; Zanella et al., 2004). Specifically, small gold 
particles (2 - 4 nm in diameter) have a higher activity at 273 K than that of larger gold 
particles (20 - 40 nm in diameter) irrespective of whether those are supported on a 
reducible or an irreducible oxide (Lopez et al., 2004). These results strongly indicate 
that Au particle size has a major effect on activity for CO oxidation.  
Although the particle size is clearly an important factor in determining reactivity, the 
shape of the particles and, therefore, the coordination sites available are also important. 
The results from experimental and theoretical studies (Yan et al., 2005; Janssens et al., 
2007; Falsig et al., 2008) proposed that a continuous increase of CO oxidation activity 
should be observed with the decrease of Au particle size (approaching 1 nm). This is 
because larger amount of surface Au atoms present as active sites in the smaller 
particles. Recently, Herzing and co-workers (2008) have applied several iron oxide-
supported gold catalyst for CO oxidation, which exhibited distinct catalytic activity. It 
was found that the presence of bi-layer Au clusters with a diameter about 0.5 nm 
played a critical role in the high catalytic activity for carbon monoxide.  
The metallic gold is indubitable active for CO oxidation, but the oxide support does 
play a role. From the very first observations on catalysts made by co-precipitation, it 
clearly showed that the chemical nature of the support played a dominant role in 
determining activity (Haruta et al., 1993), because the oxide support provides sites for 
anchoring Au particles and may also affect the dispersion and shape of Au particles.  
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For example, a recent study was performed on gold particles having almost identical 
size distributions (~ 3 nm) prepared on different oxide supports using the colloidal 
deposition method (Comotti et al., 2006). The most active catalysts were obtained with 
TiO2 and Al2O3, while ZnO and ZrO2 gave substantially less active catalysts which 
may be determined by the presence or absence of defects on different supports (Min et 
al., 2006). 
 CO oxidation on Au catalyst was regarded as a model reaction to investigate the 
oxidation mechanism on Au catalyst. There is still debate regarding the nature of the 
reaction mechanism and four main types of mechanism were usually applied: (1) the 
reaction proceeds only on metallic gold particle (Lopez and Norskov, 2002); (2) it 
proceeds on both the metallic gold and cationic gold species (Costello et al., 2003); (3) 
it involves collaboration between metal and support (Haruta, 2004) and (4) it proceeds 
only via cationic species on the support (Bond and Thompson, 2000). In Lopez and 
Norskov’s study (2002), an isolated Au10 cluster was applied as a model system and 
self-consistent density functional calculation method was used to calculate the 
potential energy diagram of CO oxidation reaction. The calculation results showed that 
the CO oxidation reaction can be catalyzed by Au10 cluster even below room 
temperature, consistent with available experiment results. Two factors were identified 
to make Au10 cluster active, involving low coordinated Au atoms and special 
geometries which are able to interact strongly with reactants. Later on, Costello and 
co-workers (2003) found that metallic Au atoms alone exhibited less catalytic activity 
than catalyst with both Au atoms and Au cations. This is also confirmed the catalytic 
activity of Au-OH species initially reported by Bond and Thompson (2000). The 
collaboration effect between Au metal and support was reported by Haruta (2004) on 
different supports. It was found that the unique catalytic performance of Au was due to 
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the strong contact with the support and the size of metal particles. They also reported 
that the activation of O2 at the interface of Au NPs with supports. 
Alkene epoxidation 
Oxidation of propene to propene epoxide (see Scheme 2.1) is a major research 
target, because it is a commodity chemical used in the manufacture of polyurethane 
and polyols. Interest in partial oxidation of propene using Au-based catalysts was 
ignited by the discovery of selective epoxidation of propene by gold catalysts reported 
by Haruta et al. in 1998. The selectivity for propene oxidation depended strongly on 
the nature of the metal oxide support. For example, gold particles supported on Fe2O3 
have a low activity for selective propene oxidation and combustion predominates 
(Grzybowska-Swierkosz, 2006).  
In contrast, Au particles supported on irreducible oxides, e.g., SiO2, MgO, and 
MoO2, yield propanal, acetone, and acrolein with some C2 oxygenates (ethanal and 
acetic acid). The most selective catalyst consists of gold particles supported on Ti-
containing oxide supports TiO2 (anatase) and TiO2-SiO2 over which propene was 
oxidized to propene oxide (epoxide) with > 90% selectivity in the presence of both 
hydrogen and oxygen (Sinha et al., 2004).  
Later, Au/Ti-SBA-15 catalysts were applied in the direct epoxidation of propene 
with H2 and O2 and exhibited high propene epoxide selectivity (> 90%) (Sacaliuc-
Parvulescu et al., 2008). It was confirmed by different studies (Hayashi et al., 1998; 
Haruta and Date, 2001) that both H2 and O2 were necessary for highly selective 
epoxidation of propene; typically H2 was present to aid the activation of molecular 
oxygen. The H2O2 was formed as the intermediate on the surface of Au nanoparticles 
by the reaction of H2 and O2, which is further transferred to active species to react with 
adsorbed propene to form the propene epoxide. 
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Scheme 2.1 Epoxidation of propene in the presence of dihydrogen. 
 
Oxidation of other alkenes was also investigated on Au nanoparticle catalyst, such 
as cyclohexene (Scheme 2.2), styrene and Z-stilbene. Recently, Au/C and Au/graphite 
have been found to be effective catalysts for the oxidation of other alkenes (such as 
cyclohexene and cis-Cyclooctene) at 353 K by using air (Hughes et al., 2005), 
allowing extremely high selectivity to partial oxidation products (98%) at very high 
conversions. 
 
Scheme 2.2 Oxidation products of cyclohexene. 
 
Some interest has been shown in the epoxidation of styrene (Scheme 2.3) by 
anhydrous TBHP (Yin et al., 2005). Al2O3 supported Au catalysts were employed and 
a selectivity of ~70% to styrene epoxide was obtained at 355 K with benzaldehyde as 
another major product (~20%). It was observed that Au nanoparticles and the surface 
basic sites of the support are the active sites for the epoxidation reaction. Epoxidation 
of styrene with TBHP on catalyst Au/PMO-SBA-15 was studied and a high styrene 
epoxide selectivity of 75% at a styrene conversion of 94.8% was obtained (Jin et al., 
2008). Moreover, this catalyst exhibited an excellent recyclability. 
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Scheme 2.3 Epoxidation of styrene. 
 
Alcohol and polyol oxidation 
Recently, a growing amount of interest concerning alcohol and polyol selective 
oxidation (Hashmi and Hutchings, 2006; Gorin and Toste, 2007) was reported because 
selective oxidation can transform alcohols and polyols into the corresponding 
carbonylic or carboxylic derivatives which are attractive chemicals for organic 
synthesis. Catalytic selective oxidation of alcohols presented as one of the most 
challenging reactions, especially using oxygen as oxidant. Among the noble metal 
catalysts (Ru, Pt, Pd and Au), gold based catalyst is considered as the most promising 
one.  
Rossi, Prati and co-workers (1998; 1999a; 1999b) systematically studied the 
catalytic performance of supported Au catalyst for alcohol oxidation, not only primary 
group but also secondary alcohols. In their studies, it has been evidently demonstrated 
for the first time that supported Au nanoparticles are very effective catalyst for the 
oxidation of alcohols. For example, selective oxidation of diols to the corresponding 
acid, like lactic acid was obtained by oxidation of 1,2-propanediol. It was found the 
presence of base (typically NaOH) was crucial to the catalytic activity by forming 
sodium salts of the corresponding acids as products.  
Catalyst Au/C has reported to be effective for alcohols, diols and polyols oxidation 
in gas-phase without any base addition (Biella and Rossi, 2003). They have also 
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extended their studies to the oxidation of sugars. A similar high catalytic performance 
for the selective oxidation of sorbitol and glucose were observed (Comotti et al., 2005; 
Beltrame et al., 2006). The use of Au/C catalysts were further extended by Carrettin 
and coworkers (2002; 2004) for the oxidation of glycerol.  
A particular catalyst has been developed by supporting Au on nano-sized CeO2 
(Abad et al., 2005). The resultant catalyst exhibited high selectivity toward the 
oxidation of alcohols to carbonylic derivatives for primary and secondary alcohols. 
Au/CeO2 catalyst was very active in mild operating conditions, without any solvent, at 
353 K and atmospheric pressure.  
Au NPs supported on mesoporous silica were wildly studied at present and applied 
for the alcohol oxidation reactions. For example, Au NPs confined in mesoporous 
silica (Hu et al., 2007) have been used to compare the catalytic activity for benzyl 
alcohol oxidation under solvent less conditions (403 K and 1.5 atm) and in toluene 
(353 K and flowing O2 at 1 atm). The 0.8 nm Au clusters confined within SBA-15 
exhibited high activity for oxidation of various primary and secondary alcohols by 
H2O2 under microwave irradiation (Liu et al., 2009). These results showed that 
mesoporous silica became more and more important to act as gold NPs support and 
exhibited promising catalytic applications. 
Selective alkane oxidation 
Gold-based catalysts have also shown interesting performance for the activation of 
C–H bond in alkane selective oxidation with dioxygen. A particular focus has been put 
on the selective oxidation of cyclohexane to synthesize cyclohexanone and 
cyclohexanol, because it is a matter of growing interest to the chemical industry. The 
application of gold catalysts for cyclohexane oxidation will be extensively discussed in 
Section 2.2.2.5. In this part, we will focus on oxidation of other alkanes.  
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The selective oxidation of other alkanes has been rarely investigated, especially for 
n-alkanes, only a few catalytic systems have been reported (Neumann and Dahan, 
1997; Shinachi et al., 2005; Chen et al., 2009). And most of these systems, additives 
such as reducing agents and radical initiators were added in reaction solvents or 
conducted under rigorous conditions. Among these, the well-dispersed Au NPs 
intercalated into the walls of mesoporous silica have been found to show high catalytic 
activity in the oxidation of n-alkane (Chen et al., 2009) under mild reaction conditions 
(solvent less, ambient pressure and with air as oxidant). 
 2.2 Selective oxidation of cyclohexane  
Selective oxidation of hydrocarbons by air/molecular oxygen, a significant process 
in the chemical industry, provides a greener route for the synthesis of fine chemicals 
and intermediates. A particular focus has been put on the synthesis of cyclohexanone 
and cyclohexanol, because it is a significant process in the chemical industry. These 
oxidation products are fundamental intermediates for making e-caprolactam and adipic 
acid, which are applied for manufacture of nylon-6 and nylon-6,6.  
Transition metal salts such as Mn and Co naphthenates are the main catalysts 
currently used in the industry. The use of such homogeneous catalysts is undesirable in 
this environmentally conscious and energy-intensive day. Many efforts have been 
made by researchers with regarding to develop a “green” catalytic system for 
cyclohexane oxidation, such as selection of oxidant, solvent and catalysts with high 
useful product selectivity and less pollution produced. Thus, in the following section 
we will focus on reviewing the works conducted on selective oxidation of cyclohexane, 
regarding the oxidants, catalysts, solvent and reaction mechanism.  
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2.2.1 The oxidants  
Three oxidants usually applied for cyclohexane oxidation are hydrogen peroxide, 
tert-butyl hydroperoxide and molecular oxygen/air. Hydrogen peroxide and tert-butyl 
hydroperoxide could be considered both as oxidants and solvent, while using 
molecular oxygen was considered as a solvent-free system. 
2.2.1.1 Hydrogen peroxide 
The oxidation of cyclohexane under mild conditions and resulting less pollution is a 
topic of great interest for green chemistry. Oxidation with hydrogen peroxide as 
oxidant is a green chemical process as water is the only by-product during the reaction 
which is considered as an environmentally friendly process. In addition, H2O2 has a 
high oxygen uptake (47%). However, the reaction efficiency is the key to the oxidation 
reaction with hydrogen peroxide as oxidant. If the reaction efficiency is less than 40%, 
the value of the oxidant is higher than that of the product. 
Hydrogen peroxide was extensively applied as oxidant in both homogeneous and 
heterogeneous catalytic systems. For homogeneous catalysis system, metal complex 
catalysts such as Fe (Cu, Co) mononuclear metal complexes and hetero-tri-metallic 
coordination compounds (Carvalho et al., 2006; Kirillov et al., 2006; Nesterov et al., 
2006; Silva et al., 2008) were applied in the presence of acetonitrile as solvent. H2O2 
was used as oxidant in the mono-, di-, tri-, tetra- and polynuclear copper (II) 
triethanolamine (H3tea) complexes catalyzed cyclohexane oxidation system. A total 
cyclohexanol and cyclohexanone (K/A oil) yield of 27.7% was obtained in acidic 
medium and under mild reaction conditions (Kirillov et al., 2006). A similar K/A oil 
yield (26.9%) was obtained on a bio-inspired Fe (III) complex [Fe
III
(HBPClNOL)(Cl)2] 
H2O catalyst with the system of H2O2–acetonitrile at 323 K. The byproducts, such as 
adipic acid and cyclohexyl hydroperoxide were also obtained.  
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Recently, in a hydrogen peroxide-water-acetonitrile (H2O2, 30% in water) system, 
iron (III) and manganese (III) metal complexes immobilized on inorganic supports and 
metal incorporated zeolites were employed as catalysts for cyclohexane oxidation 
reactions (Correa et al., 2008). A total K/A oil yield of 8% was obtained and a 
considerable decrease in the yield was observed during the recycle reaction.  
The stability and recyclability of these supported metal complex catalyst is still a 
great challenge. A high cyclohexane conversion (> 90%) and selectivity (nearly 100%) 
were obtained by using hydrogen peroxide as oxidant on calcined vanadium 
phosphorus oxide (VPO) catalysts in a relatively mild condition (Pillai and Sahle-
Demessie, 2002). Recently, a 100% cyclohexane conversion was achieved on 
chromium and 4-(methylamino) benzoic acid (MBA)/silica catalyst by using H2O2 as  
oxidant in acetonitrile solution at 343 K. Cyclohexanone and cyclohexanol are the only 
products (Adam et al., 2009). However, with H2O2 as oxidant large amount of solvent 
(acetonitrile) were applied which led to heavy pollution and increased the investment 
cost, and more importantly the H2O2 efficiency was still low.  
2.2.1.2 Tert-Butyl hydroperoxide 
TBHP, m-chloroperoxybenzoic acid (m-CPBA) and hydrogen peroxide were applied 
by Grootboom and Nyokong (2002) as oxidants for cyclohexane oxidation on 
polychlorophthalocyanine (Cl16PcFe
II





complexes catalysts. It was reported the relative yields of the products determined by 
the oxidant and the catalyst. Tert–butylhydroperoxide was also applied in salen 
complexes of iron (III) and manganese (III) catalytic system as oxidant in the oxidation 
of cyclohexane in acetonitrile (Salomao et al., 2007; Souza et al., 2007). Conversion 
up to 10.2% was obtained on catalyst [Fe (III) (Salen) Cl]. In zeolite-encapsulated 
complexes [Mn(SALEN)Y] and [Fe(SALEN)Y] systems, tert-butylhydroperoxide 
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(TBHP, 70% in water) was observed to be a more efficient oxidant than H2O2 (Correa 
et al., 2008). 
The same drawbacks were demonstrated with the H2O2 as oxidant as toxic solvent 
system and low efficiency. More importantly, the high cost of TBHP makes it difficult 
for commercial application. Thus, a little amount of TBHP was usually applied as 
initiator for the cyclohexane oxidation in which oxygen was applied as oxidant (Tian et 
al., 2003; Xu et al., 2005).    
2.2.1.3 Oxygen/air 
In the oxidation reaction, the use of oxygen (or air), to replace of hydrogen peroxide 
and tert–butylhydroperoxide is desirable on economic and environmental grounds 
because of its inexpensive, abundant and readily available. In the processes where 
hydrogen peroxide and tert–butylhydroperoxide were applied as oxidants, 
homogeneous catalysts were widely investigated; while in oxygen oxidation system, 
heterogeneous catalytic systems attracted more attentions. Generally these 
heterogeneous catalysts are supported metal complex, oxide and metal cation 
incorporated in inorganic matrices such as silica, zirconia, active carbon, alumina and 
zeolites (see Section 2.2.2). In these heterogeneous catalytic systems, the oxidation 
reaction was carried out under mild reaction conditions by using oxygen as oxidant 
which well accorded with green chemistry principle. In addition, these heterogeneous 
reaction systems lead to the facile separation of the catalyst from reaction mixture, low 
energy cost and a good recyclability of the catalysts.  
2.2.2 The catalysts  
2.2.2.1 Metal complex catalysts 
Metal complexes catalysts were widely used as catalysts in cyclohexane oxidation 
with H2O2 and TBHP as the oxidants in a homogeneous catalytic reaction system, such 
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as polychlorophthalocyanine (Cl16PcFe
II





complexes (Grootboom and Nyokong, 2002). It was found that the yield was 
dependent on the oxidant and the catalyst. A family of mononuclear iron(III) 
complexes, such as [Fe(BMPA)Cl3], [Fe(MPBMPA)Cl3], [Fe(PBMPA)Cl2] and 
[Fe(PABMPA)Cl2](ClO4) were studied and applied as catalysts for cyclohexane 
oxidation with hydrogen peroxide as oxidant in acetonitrile solution (Carvalho et al., 
2006). These complexes provided a high K/A oil yield (about 30% for all the 
complexes) with the alcohol/ketone ratio of 1.5 after 24 h. Later, a new hexanuclear 
self-assembled [FeCuCo(L)3(NCS)2(MeOH)]2·2H2O (1, H2L = diethanolamine) 
complex (Nesterov et al., 2006) which was an example of inorganic heterotrimetallic 
Fe/Cu/Co coordination compound, was developed and investigated for cyclohexane 
oxidation. The highest overall yield of 45% for K/A oil and a high overall selectivity 
towards the formation of the alcohols and ketones (~ 100%) were achieved at a 
H2O2/catalyst molar ratio of 500. Among the complex catalysts, Cu (II) complexes 
exhibited the best results and a total yield as high as 68.9% was obtained after 24 h 
reaction with H2O2 in acetonitrile (Silva et al., 2007).  
Homogeneous catalysts, because of its bad recyclability and heavy pollution, were 
gradually replaced by heterogeneous catalysts with the concerning of environmental 
issues. 
2.2.2.2 Supported metal complex catalysts 
Even though homogeneous catalysts exhibited a good activity in the reaction, the 
recycle of the catalysts is impossible and the heavy pollution should be considered for 
the industrial application. Improvement has been done by some researchers through 
incorporating organic metal complexes into supports like macromolecules and 
molecular sieves. 
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Huang et al. (2007) applied manganese (III) tetraphenylporphyrin immobilized on 
structure-like macromolecules, such as chitosan (CTS), chitin (CTN) and cellulose 
(CLS), as catalysts for aerobic oxidation of cyclohexane using oxygen as oxidant in the 
absence of any solvents or reductant. The results showed that MnTPP/CTS exhibited 
the best results with an average cyclohexane conversion of 5.45% and an average 
selectivity of 93.2% to K/A oil. They also studied chitosan supported (TPPFe
III
)2O 
catalyst. Under the optimum reaction conditions, the (TPPFe
III
)2O /CTS catalytic 
system presented the best results with a K/A oil selectivity of 90% and a total yield of 
13.0%. The recyclability was also investigated and it was observed that the optimized 
catalyst can be efficiently recycled for at least six times. 
Metal complexes supported on inorganic materials were also investigated. Armengol 
et al. (1999) applied Cu2C-phthalocyanine and Co2C-perfluorophthalocyanine 
incorporated in faujasite or mesoporous MCM-41 as catalyst for cyclohexane 
oxidation, giving 100% useful products (cyclohexanone and cyclohexanol) selectivity. 
Recently, ship-in-a-bottle complexes of Mn (II), Co (II), iron (III) and copper (III) 
containing the ligand N,N’-bis(salicylaldehyde)ethylenediamine (H2SALEN) were 
synthesized in zeolite Y (Niasari and Sobhani, 2008; Fan et al., 2008), and employed 
as catalysts for selective oxidation of cyclohexane by using hydrogen peroxide as 
oxidant. A heteronuclear macrocyclic iron copper complex (Anisia and Kumar, 2007), 
FeCuL(NO3)24H2O [L = (CH3C6H2CH2O(CH2)3N)2] bonded to the zirconium pillared 
montmorillonite clay was synthesized and applied as a heterogeneous catalyst for 
selective oxidation of cyclohexane, resulting in a cyclohexane conversion of 14.2% 
with a cyclohexanone selectivity of 87.4%. 
The highest K/A oil yield was obtained in two most recent works. In one work, Cu 
(II), Co(II), Ni(II) and Mn(II) complexes attached on silica-supported ligand 
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(FDPDABP) were synthesized and the applied for the selective oxidation of 
cyclohexane with the assistance of microwave power. SiO2-FDPDABP-Cu(II) 
complex showed the best catalytic activity, yielding 35.6% of cyclohexanol and 7.7% 
of cyclohexanone (Urus et al., 2010). In the other work, a Zn-Al layer double 
hydroxide (LDH) supported Fe(III)-Schiff base complex was found to be an effective 
catalyst for oxidation of cyclohexane. A cyclohexane conversion of 45.5% was 
obtained with a K/A oil selectivity of 100% by using H2O2 as oxidant in acetonitrile 
(Parida et al., 2010). 
Compared with the corresponding unsupported metal complex catalyst, the 
supported catalysts are more robust and provide better recyclability of metal complex 
catalysts. However, toxic solvent was still applied in these catalysis systems leading to 
serious pollution, and H2O2 was applied as oxidant resulting in high operation cost. 
Thus, the commercial application of these catalysts is environmentally unfriendly and 
not economical until now. 
2.2.2.3 Metal oxide nanocrystalline catalysts 
The application of nanostructure materials have been widely investigated in recent 
years due to their particular physical and chemical properties (Thomas et al., 2003). 
Nanostructure catalysts, such as Fe2O3, Co3O4 (Zhou et al., 2005), and mixed Fe–Co 
oxide (Kesavan et al., 2000; Tong et al., 2009), have been employed in the 
cyclohexane oxidation. Co3O4 nanocrystals with an average particle size of 50 nm 
presented a K/A oil selectivity of 89.1% with a cyclohexane conversion of 7.6%. The 
bi-metal oxide nanocrystalline were also synthesized and applied for cyclohexane 
oxidation. It was found that the pure stoichiometric CoFe2O4 nanocrystalline showed a 
higher catalytic activity with 16.2% of cyclohexane conversion and 92.4% of 
selectivity for cyclohexanone and cyclohexanol after 6 h reaction. The recyclability of 
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the nanocrystalline was investigated in six reactions with TBHP as oxidant. It was 
found that the cyclohexane conversion on the reused catalyst was lower than that on 
fresh catalyst.  This can be attributed to the leaching of cobalt ions or nanoparticles in 
the reaction mixture which was confirmed by the ICP-MS analysis of reaction mixture 
(Zhou et al., 2005). The separation of these nanocrystalline from the reaction mixture 
is a big challenge and serious leaching of catalyst into reaction mixture increased the 
difficulty of products purification.  
Later, the improvement has been made by immobilizing these metal oxide 
nanocrystalline on mesoporous support. A mesoporous iron-titania catalyst (Perkas et 
al., 2001a; Perkas et al., 2001b) prepared by depositing nano-sized iron oxide into the 
pores of mesoporous titania, was reported to present a high cyclohexane conversion of 
21.3% and K/A oil selectivity of 80% under high oxygen pressure (40 atm) at room 
temperature. Isobutyraldehyde and acetic acid were used as co-catalyst. Fe, Mn and Co 
have also been incorporated into molecular sieve such as AlPO (Zhou et al., 2005) and 
HMS (Chen et al., 2008) and applied for cyclohexane oxidation, which will be 
discussed in Section 2.2.2.4.  
2.2.2.4 Metal-containing molecular sieves 
Metal-containing molecular sieves are metal incorporated porous materials which 
have a precise and uniform pore size distribution. Metal-containing molecular sieves 
have attracted great interests as catalysts due to their acidity, redox, shape-selectivity 
and recyclable properties (Sheldon et al., 1998; Thomas et al., 2001). As a main 
approach, metal cations were incorporated into the framework of molecular sieves to 
create redox active sites and the resultant materials (e.g. TS-1, Ti -HMS, Co-TUD-1, 
La-MCM-48 and Cu-MCM-41) exhibited good performance in the catalytic oxidation 
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reactions (Tanev et al., 1994; Zhan et al., 2007; Zhan et al., 2007; Lawrence et al., 
2008).   
The metal incorporated molecular sieves have been widely applied as catalyst for 
cyclohexane oxidation. Lin and Weng (1993) first reported the usage of CoAPO-5 as 
heterogeneous catalyst for selective oxidation of cyclohexane in acetic acid. However, 
further studies (Belkhir et al., 1998) revealed that the leaching of cobalt from the 
molecular sieves framework is unavoidable by using acetic acid as solvent. Later, 
Dugal and co-workers (2000) reported interesting results by using FeAlPO as catalyst 
for the selective oxidation of cyclohexane. It was found that the metal valence was 
determined by the structure of molecular sieves in the calcined samples, resulting in 
distinct catalytic activity.  
A series of chromium-containing mesoporous MCM-48 molecular sieves were 
developed, for cyclohexane oxidation in the presence of methyl ethyl ketone as 
initiator and acetic acid as solvent (Dapurkar et al., 2003). High cyclohexanol 
selectivity (98.8%) was achieved with a high cyclohexane conversion (97.1%) in the 
presence of initiator and solvent. Later, Samanta et al. (2005) synthesized highly 
ordered mesoporous Cr-MCM-41 materials with different Si:Cr mole ratios. Cr-MCM-
41 materials showed excellent catalytic activity and high selectivity in the direct 
oxidation of cycloalkanes to cyclohexanone, using dilute aqueous H2O2 or TBHP as 
oxidant. In these catalytic systems, although the activity and selectivity were quite high, 
the application of solvent was the main disadvantage. 
Until now, the relative better results were obtained on Bismuth-containing MCM-41 
(Qian et al., 2005), Cerium-containing AlPO-5 catalyst (Zhao et al., 2006) and 
Bismuth-containing SBA-15 catalyst (Wang et al., 2007) for cyclohexane oxidation 
with molecular oxygen as oxidant,. The detailed reaction conditions and reaction 
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results are summarized in Table 2.3. Especially, SBA-15 supported Bi catalyst 
exhibited the highest cyclohexane conversion with acceptable K/A oil selectivity, 
indicating that the mesoporous silica was a promising catalyst support. 
2.2.2.5 Supported gold catalysts 
As discussed in Section 2.1.4, supported gold nanoparticles have been recently 
extensively studied as catalysts for a wide range of oxidation reactions. Several studies 
have been reported applying supported gold catalysts for cyclohexane oxidation to 
produce cyclohexanol and cyclohexanone (Lu et al., 2004; Zhao et al., 2004; Hughes et 
al., 2005; Zhu et al., 2005; Xu et al., 2005; Hutchings et al., 2006). The reaction 
conditions and catalytic performance are summarized in Table 2.4.  
Zhao and co-workers first applied gold catalysis in the activation of cyclohexane 
(Lu et al. 2004; Zhao et al. 2004): Au/ZSM-5 and Au/MCM-41 favored selectivity 
around 90% and conversions of 10–15% at 423 K. However, a loss in both activity and 
selectivity after their reuse is a drawback for industrial application. A number of 
efforts have been made to achieve a satisfactory direct oxidation of cyclohexane: 
Au/graphite without any solvent, but using a halogenated benzene as an additive, led to 
92% selectivity (cyclohexanone + cyclohexanol) at low conversion (1%) (Hughes et al., 
2005). Higher conversions (20-30%) and selectivity (95%) were achieved by Zhu et al. 
(2005) with gold on mesoporous silica catalysts, a clearly better result compared to the 
current industrial process. Mesoporous silica materials was confirmed to be a potential 
Au NPs catalyst support for cyclohexane oxidation in a continuously stirred tank 
reactor at a pressure of 0.6-1.0 MPa ( Li et al., 2009).  
Several recent studies on the selective cyclohexane oxidation were performed by 
tailoring a supported gold on different materials, namely amorphous silica doped with 
titania (Xu et al., 2007), active carbon (Hutchings et al., 2006) and alumina prepared 
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by a modified direct anionic exchange method (Xu et al., 2008). At 423 K, gold 
supported on doped silica catalyst afforded a cyclohexane conversion of 8% with a 
K/A oil selectivity of 92%, especially a remarkably high turnover frequency (TOF) up 
to 40133 h
-1
 (Xu et al., 2007) was achieved. Moreover, the catalyst can be 
conveniently recycled for four times without significant loss of activity and selectivity, 
demonstrating a high recyclability of titania-doped silica supported gold catalyst. Also 
Au/Al2O3 showed high performance in terms of turnover frequency using molecular 
oxygen in solvent-free conditions (Xu et al., 2008). In this work, a conversion of 11% 
with a TOF of 4500 h
-1
 was obtained over Au/Al2O3 (0.6 wt.% Au). 
In summary, supported gold catalysts exhibited the best catalytic activity and better 
selectivity for cyclohexane oxidation under mild conditions, using molecular oxygen 
as oxidant in a solvent-free system. However, drawbacks still existed in the gold 
catalysts reported above, such as uneven gold nanoparticle distribution, leaching of 
gold active sites during the reaction and troublesome synthesis procedure. Thus, a 
more stable and active Au catalyst system is urgently needed to be developed. 
2.2.3 The solvent                                                           
The selectivity is the key point for cyclohexane oxidation since the useful products 
are easily further oxidized to by-product. Some researchers applied solvent to dilute 
the reaction system to obtain high conversion and selectivity. Acetonitrile, water, 
acetic acid, supercritical water and supercritical carbon dioxide were applied as 
reaction medium.  
Dapurkar and Sakthivel (2003) applied acetic acid as solvent for cyclohexane 
oxidation with chromium-containing mesoporous MCM-48 molecular sieves as 
catalysts, giving a cyclohexane conversion of 98.9% with a cyclohexanol selectivity of 
92.8%. Li et al. (2008) investigated the effect of different solvents to the cyclohexane 
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oxidation in the present of Phenanthroline–CuCl2 Complex catalyst. Methanol, ethanol, 
acetone, acetic acid, chloroform and acetonitrile were applied as solvents to investigate 
the reaction results under the same conditions. It was found that the reaction carried 
out in acetonitrile resulted in the highest cyclohexane conversion and selectivity to 
cyclohexanone. The lower volatility of acetonitrile is applicable in open-wide system. 
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Fe/AlPO 24 air/1.5 403 6.6 82.7 (Zhou et al., 2005) 
Co/APO-11 3 O2/1.0 403 7.8 87.5 (Moden et al., 2004) 
Mn/APO-11 3 O2/1.0 403 7.6 81 (Moden et al., 2004) 
Ag/MCM-41 3 O2/1.0 428 10.7 83.4 (Zhao et al., 2006) 
Bi/MCM-41 4 O2/1.0 413 12.5 94.0 (Qian et al., 2005) 
Ce/AlPO-5 4 O2/0.5 413 13.5 92.0 (Zhao et al., 2006) 
Bi/SBA-15 4 O2/1.0 413 16.9 93.0 (Wang et al., 2007) 
CoPh-HMS 6 TBHP/O2/1.0 393 10.2 92.9 (Chen et al., 2009) 
 
Table 2.4 Cyclohexane oxidation results on different gold catalysts 

















Au/ ZSM-5 4 O2/1.0 423 16.0 92.0 2242 (Zhao et al., 2004) 
 Au/MCM-41 6 O2/1.0 423 19.0 94.0 1907 (Lu et al., 2004) 
Au/APS-SBA-15 6 O2/1.5 423 21.0 96.0 661 (Zhu et al., 2005) 
Au/SH-SBA-15 6 O2/1.5 423 32.0 94.0 858 (Zhu et al., 2005) 
Au/Al2O3 3 O2/1.5 423 12.6 88.0 16136 (Xu et al., 2008) 
Au/TiO2/SiO2 3 O2/1.0 423 8.4 91.7 40133 (Xu et al., 2007) 
 
 
 Chapter 2. Literature Review 
   52 
There are several advantages to conduct reactions in supercritical fluids (SCFs). For 
instance, reaction rate, selectivity and reaction equilibrium can be tuned by pressure 
or a small amount of co-solvent. Environmentally benign SCFs, such as CO2 and 
water, can be used to replace hazardous organic solvents. Thomas et al. (2002) 
investigated the partial oxidation of cyclohexane in supercritical water. It turned out 
that cyclohexane can be transformed into cyclohexanol, cyclohexanone, and 
cyclohexene in supercritical water without any catalysts with a total selectivity of 
about 30% of the valuable products cyclohexanol, cyclohexanone, and cyclohexene. 
The selective oxidation reaction of cyclohexane with MnAPO-5 molecular sieve 
catalyst (Hou et al., 2002) to produce cyclohexanol and cyclohexanone was carried 
out in compressed CO2 at 398.2 K using oxygen as an oxidant. The reaction mixture 
was controlled to be in the two-phase region and in the supercritical region of the 
reaction system. The reaction was also conducted in liquid butyric acid, benzene and 
CCl4, and in the absence of any solvent. It has been observed that the conversion and 
selectivity in compressed CO2 changed dramatically with the phase behavior or the 
apparent density of the reaction system. The by-products generated in compressed 
CO2 with and without the co-solvent are much less than that of the reaction in liquid 
solvents or in the absence of solvents.  
2.2.4 Reaction mechanism and kinetics  
The reactions of alkyl radicals with O2 are keys to atmospheric oxidation of 
hydrocarbons and are a central component in hydrocarbon ignition chemistry. As 
known, during cyclohexane oxidation reaction, the reactions of alkyl radicals (R) with 
molecular oxygen proceed via formation of an alkylperoxy radical (ROO), which can 
undergo isomerization to form hydroperoxyalkyl (QOOH) radicals and dissociate into 
various bimolecular products. Cyclohexane oxidation with molecular oxygen also 
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follows this radical chain mechanism and cyclohexyl hydroperoxide (C6H11OOH) is 
formed as intermediate.  
The reaction mechanisms for cyclohexane oxidation have been extensively 
discussed in literature. It is widely accepted that the cyclohexane oxidation 
mechanism is a multistage free radical chain mechanism, including chain initiation, 
chain propagation and chain termination steps. However, the role of catalyst in the 
reaction is still under debate. Some researchers claimed that the function of catalyst 
during the reaction is catalytic decomposition of cyclohexyl hydroperoxide (Chen, 
2004) while the others argued that the catalyst influenced both the initiation and the 
propagation steps (Pohorecki et al., 2001). 
The possible reactions mechanisms have been discussed in the literature (Pohorecki 
et al., 1992; Pohorecki et al., 2001; Moden et al., 2004; Moden et al., 2006; Moden et 
al., 2007). As illustrated in Figure 2.12, there are three possibilities (Pohorecki, 2001). 
In the first model, hydroperoxide was formed as intermediate which further 
decomposed to cyclohexanol and cyclohexanone. The further oxidation of 
cyclohexanone led to the formation of by-products (D). In the second model, boric 
acid was introduced to react with cyclohexanol to terminate the reaction, resulting in 
the formation of boric esters. A complete model for non-catalytic autoxidation was 
illustrated in model three comprising 19 reactions and 10 species.  
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Figure 2.12 Kinetic models available in literature for oxidation of cyclohexane 
(Pohorecki et al., 2001). 
 
Pohorecki (1992) suggested a lumped kinetic model for the catalytic oxidation of 
cyclohexane. The reaction process involved 7 reactions steps and the quasi steady 
state hypothesis was applied for estimating the free radical species in the solution. The 
catalyst was proposed to play an essential role in the chain initiation and propagation 
steps. The role of the catalyst was introduced into their model by assuming specific 
relations of reaction rate constants on the catalyst concentrations. 
Modén et al. (2004, 2006 and 2007) have studied the cyclohexane oxidation 
kinetics and mechanism on catalyst MnAPO-5. Cyclohexyl hydroperoxide was 
proposed as an intermediate which was responsible to cyclohexanol and 
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cyclohexanone formation. The role of the catalyst was proposed to be effective both 
in the chain initiation and propagation steps. Moreover, in this model, the catalyst 
MnAPO-5 activated both reactants, cyclohexane and O2.The proposed elementary 
steps were shown below and the detailed schematic cyclic representation was shown 
in Figure 2.13. The R and R’ nominations are used to distinguish different cyclohexyl 
groups in the bimolecular steps (1)–(6). 
H* + ROOH→RO* + H2O,                  (1) 
RO* + R’H→R’ * + ROH,                   (2) 
R’* + O2 →R’OO*,                               (3) 
R’OO* →OH* + R’(–H)=O,                 (4) 
OH* + RH→H* + ROH,                        (5) 
R’OO* + R’H →R’* + R’OOH.             (6) 
The stoichiometry of the ROOH decomposition cycle of step (1)-(5) is: 
ROOH + 2RH+O2→ 2ROH + R(-H)=O + H2O    (7) 
the ROOH formation stoichiometry from (3) and (6) is: 
RH + O2 → ROOH                                                  (8) 
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Figure 2.13 Catalytic cycle of cyclohexane oxidation on MnAPO-5 catalyst (Modén et 
al., 2006). 
 
Hermans and co-workers (2005; 2006; 2007; 2008) focused on the origin of by-
products and deduced the cyclohexane autoxidation mechanism through analysis of 
by-products. They compared the reaction mechanism with Co(acac)2 as catalyst and in 
the absence of any catalyst. Co
II
 ions were found to cause a perturbation of the 
autoxidation mechanism, namely causing a fast decomposition of hydroperoxide via a 
redox cycle. Furthermore, during the Co
II
-catalyzed reaction, the concentration of 
cyclohexanone increased much faster than that of CyOOH, resulting in that the ketone 
becomes the dominant byproduct source. Thus, they concluded that the main function 
of catalyst was in the CyOOH decomposition process and chain propagation step 
(Hermans et al., 2008).
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 They also insisted the autoxidation reaction mechanism during the catalyzed and 
non-catalyzed process (Hermans et al., 2006, 2007) except the moderate perturbation 
effect to the reaction mechanism after introducing catalyst. In a traditional view of 
autoxidation of cyclohexane (CyH), the main chain initiation step is the dissociation 




OH radicals [Eq. (1)], while the chain-termination step 
involved mutual reaction of two radicals CyOO
•
 [Eq. (2)]. Intermediate CyOOH is 
produced by fast chain propagation reactions illustrated in Eqs. (3) and (4). Until 
recently, it was observed that the chain termination is responsible for only a little 
fraction of the products. Where is the major products cyclohexanol and 
cyclohexanone from? In Hermans’s studies, CyOOH was identified as the key 
primary product which can initiate new radical chains. In the fast propagation 
reactions, Q=O and CyOH was formed as secondary products. In their study, it was 
first to demonstrate that cyclohexyl peroxyl radicals (CyOO
•
) not only abstracted 
hydrogen atoms from the cyclohexane molecule CyH [Eqs. (3) - (5)], but also 
abstracted the weakly bound α H atom from primary product CyOOH to form α-
hydroperoxyalkyl radicals [Eqs. (6)]. The α-hydroperoxyalkyl radicals are unstable 
and immediately dissociate into
 •
OH and Q=O without any energy introduced which is 
the major source of ketone Cy=O. A subsequent Franck–Rabinowich cage reaction 
leads to the formation of alcohol CyOH and CyO
•
 radicals [Eqs. (7) - (9)] (Hermans et 
al., 2008).  




•→ CyOH + Q=O + O2      (2) 
CyOO
•




•                                                        
   (4) 
CyO
• + CyH → CyOH + Cy•                                    (5) 
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CyOO
• 
 + CyOOH → {CyOOH + Q=O + • OH}cage    (6) 






















 → CyOOH + Cy•  + Q=O + H2O                        (9) 
Summary 
In summary, mesoporous SBA-15 has been proved to be a better catalyst support 
for Au catalyst, because of its two dimensional (2D) hexagonal pore structure, large 
pore size and strong pore wall to immobilize the particles trapped inside the pores. 
Supported gold catalysts exhibited the best catalytic activity and better selectivity for 
cyclohexane oxidation under mild conditions, using molecular oxygen as oxidant in a 
solvent-free system. However, drawbacks still existed in the gold catalysts reported in 
literature, such as uneven gold nanoparticle distribution, leaching of gold active sites 
during the reaction and troublesome synthesis procedure. Thus, a more stable and 
active Au catalyst system is urgently needed to be developed. Until now, one-pot sol-
gel methods coupled with functionality for the incorporation of Au NPs in porous 
SBA-15 supports are probably the most promising technique for the preparation of 
well-dispersed Au nanoparticle catalysts.   
Furthermore, the cyclohexane oxidation reaction mechanism on Au NPs catalyst is 
still under debate. The autoxidation mechanism is undoubted in a free catalytic system; 
however, the function of gold catalyst in a catalytic cyclohexane oxidation system is 
still under investigation. The previous research on catalytic mechanism mainly focus 
on Mn and Co catalysts (both homogeneous and heterogeneous catalysts), some 
researchers claimed that the function of catalyst is mainly on catalytic decomposition 
of cyclohexyl hydroperoxide (Chen, 2004) while the others debated that the catalyst 
influenced both the initiation and the propagation of radical chains (Pohorecki et al., 
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2001). More important, the catalytic effect of gold nanoparticles on the autoxidation 
mechanism was rarely reported. Thus, the influence of gold nanoparticles to the 
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3.1 Reagents and apparatus 
The chemicals and reagents used in this thesis work together with the purity and 
source are listed in Table 3.1.  
Table 3.1 Reagents used for synthesis of gold-based catalyst. 
Chemicals Grade Supplier 
HAuCl4·xH2O 98% Aldrich 
RuCl3·H2O 98% Aldrich 
H2PtCl6·xH2O 98% Aldrich 
Triblock copolymer P123 Mw ~ 5800 Aldrich 
Tetraethyl orthosilicate (TEOS) 98% Acros Organics 
Mercaptopropyltrimethoxysilane 
(MPTMS) 
97%  Aldrich 
Vinyl triethoxysilane (VTES) 97% Aldrich 
Bis(triethoxysily) propane 
tetrasulfide (TESPTS) 
97%  Aldrich 
Hydrochloric acid  37%  Merck 
Hydrofluoric acid 48-51% Tyco 
Cyclohexane  99.99%  Fisher 
Decyl alcohol(1-Decanol) 99% Aldrich 
Sodium borohydride 98.5% Sigma Alrich 
Triphenylphosphine 99.9% Merck 
Absolute ethanol 99.98% Merck 
 
The general equipment for materials preparation and catalytic evaluation is given in 
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Table 3.2  Apparatus. 
Apparatus Model or Specification Manufacturer 





Hot Plate & 
Magnetic stirrer 
MR 3002 Heidolph 
Autoclave 
Stainless steel lined with 
Teflon 
Self-made 
Oven Binder FD240 Fisher Scientific 
pH meter Ioncheck 10 
Radiometer 
Analytical 
Balance AND GF-2000(0.5-2100 g) 
Goldbell 
Weigh-System 




Furnace CWF1100 Carbolite 
Ultrosonicator Transsonic 460/H ACHEMA 




3.2 Catalyst preparation 
3.2.1 Preparation of gold nanoparticles supported on vinyl-functionalized 
mesoporous silica  
In a typical synthesis, 4 g of P123 was dissolved in 30 mL of deionized water at 
room temperature followed by adding 120 mL of a 0.74 M HCl solution. 0.38 g of 
VTES and 8.4 g of TEOS with a molar ratio of VTES: TEOS = 1:20 were slowly 
added. 6.4 mL of 0.02 M HAuCl4·xH2O solution (for a Au loading of 1 wt.%) was 
introduced into the synthesis system. After stirring at 40 ºC for 24 h, the mixture was 
transferred to a teflon-lined stainless steel autoclave to undergo a static hydrothermal 
treatment at 100 ºC for 24 h. The solids were filtered off, washed with deionized water 
till no Cl
-
 was detected using a AgNO3 solution, and dried at 100 ºC overnight. 
Template removal was conducted using the ethanol extraction method at 70 ºC for 6 h. 
This process was repeated three times. 
 Chapter 3. Experiment Section 
   62 
 For the comparison purpose, Au nanoparticles were supported on non-
functionalized SBA-15 silica. Thus catalyst denoted as Au/SBA-15-co was prepared 
using the same synthesis protocol except that no organosiliane was added and the 
template was removed by calcination at 550 ºC for 8 h. Both catalysts were reduced in 
a H2 flow at 250 
o
C for 2 h with a heating rate of 5 
o
C/min.  
The impregnation technique is a commonly used method for the preparation of 
supported catalysts. This method was used to prepare another two Au catalysts 
supported on SBA-15 and organically functionalized SBA-15, which are designed as 
Au/SBA-15-im and Au/F-SBA-15-im, respectively. 1 g of SBA-15 or F-SBA-15 was 
dispersed in 2.52 mL of 0.02 M chloroauric acid tetrahydrate (HAuCl4·4H2O) solution 
and 17.5 mL of deionized water. The slurry was stirred for 2 h at room temperature, 
followed by sonication for 20 min. The resulting product was evaporated to less than 2 
mL and dried in an oven at 60 
o
C for 48 h, and finally reduced in a flowing H2 at 250 
o
C for 2 h at a heating rate of 5 
o
C/min.  
3.2.2 Preparation of gold nanoparticles supported on thioether-functionalized 
mesoporous silica  
Au nanoparticles supported on thioether-functionalized mesoporous silica were 
prepared using a one-pot synthesis method in a hydrothermal system. In a typical 
synthesis, 4 g of P123 was dissolved in 30 mL of deionized water at room temperature 
followed by adding 120 mL of a 0.74 M HCl solution into this clear solution. A certain 
amount of TEOS and TESPTS mixture (the molar ratio of TESPTS/TEOS=x/100, x 
was varied from 0.625 to 5) was slowly added. Finally, 6.4 mL of 0.02 M 
HAuCl4·xH2O solution (for a Au loading of 1 wt.%) was introduced into the synthesis 
system. After stirring at 40 ºC for 24 h, the mixture was transferred to a Teflon-lined 
stainless steel autoclave to undergo a static hydrothermal treatment at 100 ºC for 24 h. 
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The solid products were filtered off, washed with deionized water till no Cl
-
 was 
detected using a AgNO3 solution, and dried at 80 ºC in a vacuum oven overnight (the 
obtained sample was denoted as Au/xTESPTS-SiO2-as) and finally calcined in air at 
500 ºC for 6 h to remove the template (the resultant catalysts were denoted as 
Au/xTESPTS-SiO2-cal).  
3.2.3 Preparation of gold nanoparticles supported on thiol-functionalized 
mesoporous silica 
Similar preparation procedure with thioether-functionalized mesoporous silica 
supported Au catalyst, the only difference is that MPTMS was applied as functionality 
with a molar ratio of MPTMS/(MPTMS+TEOS) = x/100 (x was varied from 2.5 to 20). 
The tri-block copolymer template P123 was removed by either high-temperature 
calcination or ethanol extraction. The sample obtained after ethanol extraction for 3 
times was denoted as Au/xMPTMS-SiO2-3et. The reduction of Au species was 
achieved by the auto-reduction during the high temperature calcination, or H2 /NaBH4 
reduction after the template removal by ethanol extraction.  
3.2.4 Preparation of alloy nanoparticles supported on thiol-functionalized 
mesoporous silica 
Preparation of bimetal nanoparticles catalysts followed the preparation procedure of 
gold nanoparticles supported on thiol-functionalized mesoporous silica with a 
MPTMS/TEOS = 1/9. Different amount of 0.02 M HAuCl4·xH2O solution and/or 0.02 
M H2PtCl6·xH2O solution and/or 0.01 M RuCl3• H2O were applied as metal precursors 
and the following processes were the same as the previous reported catalysts.  
3.2.5 Real-time ultraviolet-visible (UV-vis) characterization 
To characterize the evolution of Au species during the co-assembly process, the 
change of Au species in the synthesis mixture was monitored by using a real-time UV-
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Vis spectrophotometer. In a typical procedure, after addition of TEOS or 
TEOS/MPTMS (TESPTS) into the synthesis system, the initial mixture without the Au 
precursor was collected and analyzed as a blank by using a UV-vis scanning 
spectrophotometer (Shimadzu, UV-1601 PC). Then, upon the addition of 6.4 mL of 
0.02 M HAuCl4·xH2O solution (for a Au loading of 1 wt.%) into the synthesis mixtures, 
the change of the solution color was observed and the UV-vis spectra of the mixture 
were collected every 10 min. For reference, the UV-vis spectrum of a pure 0.02 M 
HAuCl4·xH2O solution was also collected.  
3.3 Catalyst reduction  
 3.3.1 Auto-reduction 
The auto-reduction of Au species was conducted through high temperature 
calcination, after drying the solid at 80 ºC in a vacuum oven overnight, the as-
synthesized catalyst was calcined in air at 500 ºC for 6 h with a heating rate of 2 
o
C/min. The resultant catalysts were denoted as Au/xTESPTS (MPTMS)-SiO2-cal. 
3.3.2 H2 reduction 
The H2 reduction was carried out in a H2 flow at 250 ºC for 2 h with a heating rate of 
5 
o
C/min and the obtained catalyst was denoted as Au/xTESPTS (MPTMS)-SiO2-H2 
3.3.2 NaBH4 reduction 
 The NaBH4 reduction was carried out in an ultrapure water solution. As-synthesized 
sample Au/10MPTMS-SiO2-3et was dispersed in ultrapure water, followed by 
introducing of excessive amount of NaBH4 solution under vigorous stirring at room 
temperature. The white suspension immediately turned to light brown. Finally, the 
solids were filtered off and dried at 80 
o
C overnight in a vacuum oven. The obtained 
catalyst was named as Au/10MPTMS-SiO2-BH4.  
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3.4 Characterization techniques 
3.4.1 X-ray diffraction (XRD)  
   X-ray diffraction (XRD) takes advantages of the coherent scattering of X-rays by 
polycrystalline materials to obtain a wide range of structural information. Resultant 
samples in the thesis were identified by using X-ray diffraction (XRD) on a Shimadzu 
XRD-6000 diffractometer (Cu Kα radiation, λ=0.15418 nm) operated at 40 kV and 30 
mA with a scanning speed of 2.00 (deg/min).  
3.4.2 Ultraviolet-visible spectrophotometer (UV-Vis) 
Ultraviolet-visible spectrophotometer (UV-Vis) involves the spectroscopy of 
photons in the UV-vis region. The UV-Vis reflectance spectra were taken on a 
Shimadzu UV-1601PC UV-vis-Spectrophotometer. The solid ultraviolet-visible (UV-
vis) spectra were measured on a UV-vis-NIR (UV-vis Near Infra-Red) scanning 
spectrophotometer (Shimadzu, UV-3101 PC) with an ISR-3100 integrating sphere 
attachment and BaSO4 as an internal reference. The collection was made over the 
wavelength range 800-200 nm.  
3.4.3 Physical adsorption of N2  
N2 adsorption-desorption isotherms were measured at –196 °C on an automatic 
volumetric sorption analyzer (Micromeritics, ASAP2020). The sample was degassed at 
200 ºC for 4 h before the measurement. Specific surface area was calculated by using 
the multiple-point Brunauer-Emmett-Teller (BET) model. The pore size distributions 
were obtained from the analysis of the adsorption branch of the isotherm by the 
Barrett-Joyner-Halenda (BJH) method. The total pore volume was obtained from the 
volume of nitrogen adsorbed at a relative pressure of 0.98. 
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3.4.4 X-ray photoelectron spectroscopy (XPS)  
In this thesis work, the XPS spectra were obtained using AXIS HIS (Kratos 
Analytical Ltd., U.K.) with an Al-Kα X-ray source (1486.71 eV protons), operated at 
15 kV and 10 mA. The pressure in the analysis chamber was maintained below 10
-8
 
torr during each measurement. All spectra were fitted by a software package XPSpeak 
4.1 with the subtraction of linear background and a ratio of 0% Lorentzian-Gaussian. 
The calibration of binding energy (BE) of the spectra was referenced to the C 1s 
electron bond energy corresponding to graphitic carbon at 284.6 eV. 
3.4.5 Transmission electron microscopy (TEM) 
Before measurement, the sample was dispersed in ethanol and then dripped and 
dried on a copper grid. In the experiment, the TEM was used to characterize the 
internal structure of particles and the TEM images were obtained on a JEOL 2010 and 
JEM 2010F transmission electron microscope operated at an acceleration voltage of 
200 kV. 
The metal dispersion was calculated by using DM = (6nsM)/(ρNdp), where ns was the 
number of atoms at the surface per unit area  (1.15  1019 m-2 for Au), M is the 
molecular weight of gold (196.97 g mol
-1
), ρ is the density of gold (19.5 g cm-3), N is 
the Avogadro’s number (6.023  1023 mol-1), and dp was the average particle size 
determined from HRTEM images, assuming spherical particles. 
3.4.6 Inductive-coupled plasma-mass spectrometer (ICP-MS) 
Chemical analysis of Au in the catalysts was carried out on an inductive-coupled 
plasma-mass spectrometer (ICP-MS). Before analysis, the solids were attacked with a 
2:1 mixture of HNO3/HF. After the solid was completely dissolved, solution was 
diluted to the concentration range of 1-10 ppm. Finally, the diluted sample was 
analysis on an Agilent 7500 series inductive-coupled plasma-mass spectrometer (ICP-
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MS) three times and an average value was taken for the data analysis. 
3.4.7 Solid-state magic-angle spinning nuclear magnetic resonance ((MAS-NMR) 
Solid-state magic-angle spinning (MAS) nuclear magnetic resonance (NMR) spectra 
were obtained on a Bruker DRX400 MHz FT-NMR spectrometer with spectral widths 




Si, respectively. A 4 mm rotor was used. The 
MAS speed was 8 kHz. The cross polarization (CP) technique was used for 
13
C 
measurements while the single-pulse method was used for 
29





Si MAS NMR spectra were referenced to tetramethylsilane. 
3.5. The reaction    
3.5.1 The reactor 
The selective oxidation of cyclohexane was carried out in a 200 mL Parr batch reactor 
(Parr 4560–300 mL) with a polytetrafluoroethylene (PTFE) liner. 
 
Figure 3.1 The Par catalytic reactor used in this thesis work. 
3.5.2 Reaction procedure  
Typically, 20 mL of cyclohexane and 50 mg of solid catalyst were added into the 
reactor. After purging with O2, the reactor was heated to 150 °C and the O2 pressure 
was adjusted to 1 MPa. During the oxidation process, the O2 pressure was kept 
between 0.8-1 MPa with a stirring rate of 300 rpm.  After 2 h of reaction, the reactor 
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was cooled down to 30 ºC and the mixture was dissolved by ethanol. An excessive 
amount of triphenylphosphine was added to the reaction mixture to completely reduce 
cyclohexyl hydroperoxide (CHHP) which is an intermediate in cyclohexane oxidation 
to cyclohexanol.  
3.5.3 Analysis methods  
The products were analyzed using a gas chromatogram (HP 6890 series GC) with a 
mass spectrometer detector (HP 5973 mass selective detector) and a capillary column 
(HP 5MS, L = 30 m, I.D. = 0.25 mm, Film thickness = 0.25 μm)).  
In order to calculate the conversion of the reactant and the selectivity of the aimed 
products, calibrated area normalization method was applied. A series of cyclohexane, 
cyclohexanol, cyclohexanone and ethanol mixed solution were prepared with known 
quantity of every component. A series of calibration standards were prepared to obtain 
the calibration factors for reactant and the main products. 
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CHAPTER 4  
GOLD NANOPARTICLES SUPPORTED ON VINYL-
FUNCTIONALIZED MESOPOROUS SILICA AS 




As discussed in the literature review, solid catalysts, such as titanium silicalite-1 
(TS-1) (Spinace et al., 1995; Zahedi-Niaki et al., 1998), metal-substituted 
aluminophosphate molecular sieves (MAlPOs, where M stands for Cr, Co, Fe, Ce, Cu, 
and Mn, etc.) (Lin and Weng, 1993; Zhao et al., 2006; Moden et al., 2007), and metal-
incorporated mesoporous and microporous aluminosilicates molecular sieves (M-
MCM-41, M-MCM-48, M-ZSM-5) (Dapurkar et al., 2003; Samanta et al., 2005; Zhao 
et al., 2006), have been explored as heterogeneous catalysts for cyclohexane oxidation. 
These catalysts in general exhibit a relatively low activity and/or selectivity. On the 
other hand, nanostructure catalysts, such as Fe2O3, Co3O4, and mixed Fe–Co oxide 
nanoparticles (Kesavan et al., 2000; Perkas et al., 2001; Thomas et al., 2003) have 
been examined in the cyclohexane oxidation as well. These catalyst systems suffer 
from a poor mechanical stability (Zhou et al., 2005). 
Since gold (Au) was found to display a surprisingly high catalytic activity in the 
oxidation of CO at low temperatures (Haruta et al., 1987; Haruta et al., 1993; Haruta, 
1995; Guczi et al., 2003), numerous investigations have been carried out to explore its 
use as a catalyst in various industrially important processes. Au nanoparticles 
supported on porous solids, such as Au/ZSM-5 (Zhao et al., 2004), Au/MCM-41 (Lu et 
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al., 2004; Lu et al., 2005) and Au/Al2O3 catalysts (Xu et al., 2007; Xu et al., 2008), 
have been studied in the cyclohexane oxidation to produce cyclohexanol and 
cyclohexanone. It was observed that for the one-pot hydrothermal synthesized 
Au/ZSM-5 and Au/MCM-41 catalysts, aggregation of Au nanoparticles to form larger 
ones occurred during high–temperature calcination for removing the template and the 
serious leaching of Au particles during the reaction is also problematic (Zhao et al., 
2006). The aggregation and leaching of Au nanoparticles resulted in a low activity for 
cyclohexane oxidation and poor stability of Au catalyst. 
Mesoporous SBA-15 (Zhao et al., 1998) has been proved to be a better catalyst 
support for Au catalyst in comparison with other mesoporous silica materials, 
including HMS, MCM-41, MCM-48, SBA-16), because of  its two dimensional (2D) 
hexagonal pore structure, large pore size and strong pore wall to immobilize the 
particles trapped inside the pores (Bore et al., 2005; Lee et al., 2009). It was also been 
found that (Bore et al., 2004) Au nanoparticles are mobile on silica surface due to 
weak interactions between the Au nanoparticles and the support. In order to firmly 
anchor Au nanoparticles on the silica surface, stabilizing ligands have been used to 
modify the mesoporous silica. Zhu and co-workers modified SBA-15 with amine and 
thiol groups for preparing Au/SBA-15 catalysts (2005). The authors observed that Au 
particle supported on the functionalized SBA-15 support exhibited higher activity and 
selectivity in cyclohexane oxidation than that supported on unmodified SBA-15 silica. 
In this work, Au nanoparticles supported on functionalized mesoporous silicas were 
prepared using a one-pot method, in which vinyl functionality was used as functional 
ligands to stabilize Au nanoparticles. By co-condensation of tetraethyl orthosilicate 
(TEOS) and vinyl triethoxysilane (VTES) in the presence of Au precursor, Au 
nanoparticles were anchored on the organically functionalized SBA-15 support in a 
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highly dispersed and uniform manner. The catalytic results showed that the catalyst 
displayed a very high activity and selectivity in solvent-free selective oxidation of 
cyclohexane using molecular oxygen.  
The catalysts involved in this chapter and the detailed preparation conditions are 
shown in Table 4.1. 
Table 4.1 Catalysts involved in this chapter and their preparation conditions 
Number Name  Preparation method  Support  
1 Au/SBA-15-im Wet impregnation SBA-15 
2 Au/F-SBA-15-im Wet impregnation F-SBA-15 
3 Au/SBA-15-co One-pot method SBA-15 
4 Au/F-SBA-15-co One-pot method F-SBA-15 
 
4.2 Catalyst characterization 
Figure 4.1 shows the low-angle XRD patterns of the samples prepared in this work. 
It is seen that all samples exhibited one strong and two weak diffraction peaks, 
characteristic of a two-dimensional (2D) hexagonal mesostructure with a p6mm space 
group, indicating these samples are well-ordered mesostructures. The strong (1 0 0) 
diffraction peak together with the appearance of the (1 1 0) and (2 0 0) diffraction 
peaks of sample Au/F-SBA-15-co (Figure 4.1f) suggests that the one-pot synthesis 
method essentially afforded a highly ordered mesostructure of SBA-15. However, for 
catalyst Au/F-SBA-15-im (Figure 4.1d) prepared using the impregnation method, the 
intensity of the (1 0 0) diffraction was dramatically decreased, implying partial 
structural collapses during the impregnation process.  
Figure 4.2 shows the N2 adsorption/desorption isotherms and pore size distribution 
curves (inset) of samples. The textural properties are summarized in Table 4.2. All 
samples exhibited a typical type IV isotherm with a H-1 hysteresis loop (S. J. Gregg), 
indicating all samples are mesoporous materials. The pore size distribution curves 
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obtained with the BJH method are relative narrow, showing the mesopores are ordered. 
From Table 4.2, it is seen that all vinyl functionalized samples had higher specific 
surface area, larger pore size, and higher total pore volume than the non-functionalized 
ones. This is because minor framework condensation occurred in the hydrolysis 
process after introducing functional ligands and the functionalized SBA-15 and its 
associated Au catalysts did not undergo the calcination process, thus less framework 
shrinkage and crystal wall crystallization occurred during the template removal step. 
Catalysts Au/SBA-15-co and Au/F-SBA-15-co derived from the one-pot synthesis 
method exhibited a thicker pore wall than that of the SBA-15 sample and the catalysts 
prepared using wet-impregnation method due to the salt effect of introducing Au 
precursor during the one-pot synthesis (Newalkar and Komarneni, 2001).  
















Figure 4.1 Low-angle X-ray diffraction patterns of (a) SBA-15, (b) F-SBA-15, (c) 
Au/SBA-15-im, (d) Au/F-SBA-15-im, (e) Au/SBA-15-co and (f) Au/F-SBA-15-co. 
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SBA-15 8.7 10.0 782 1.0 7.9 2.1 
Au/SBA-15-im 9.2 10.6 762 0.95 7.9 2.7 
Au/SBA-15-co 8.9 10.3 645 0.76 7.3 3.0 
F-SBA-15 8.9 10.3 796 1.0 8.7 1.6 
Au/F-SBA-15-im 8.8 10.2 801 0.97 8.7 1.5 
Au/F-SBA-15-co 9.2 10.6 785 0.93 8.0 2.6 
a
 lattice parameter calculated from d100 spacing according to equation 3/2 1000 da  .  
SBET, surface area calculated using the BET method. V, total pore volume calculated at 
P/Po = 0.998. DBJH, pore diameter calculated using BJH method from the adsorption 






H CP MAS NMR spectrum shown in Figure 4.3 confirmed the presence of 
vinyl groups on sample Au/F-SBA-15-co because of the observation of two resonance 
peaks with chemical shifts of 129 and 135 ppm, which are due to vinyl groups (Kao et 
al., 2006). The presence of surface vinyl groups can enhance the surface 
hydrophobicity of catalyst Au/F-SBA-15-co. 















C CP/MAS-NMR spectrum of catalyst Au/F-SBA-15-co. 
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Figure 4.4 shows the wide-angle XRD patterns of all Au catalysts prepared in this 
work. For samples Au/SBA-15-im (Figure 4.4d), Au/F-SBA-15-im (Figure 4.4c) and 
Au/F-SBA-15-co (Figure 4.4a), two peaks at 38.18 and 44.43 degrees are seen. These 
are the characteristic peaks of the (1 1 1) and (2 0 0) reflections of cubic Au 
nanoparticles (JCPDS card no.: 4-784). The (2 2 0) peak at 64.55 degrees two theta can 
also be seen on catalyst Au/F-SBA-15-im. For sample Au/F-SBA-15-co, the typical 
peaks due to cubic Au at 38.18 and 44.43 degrees two theta are very weak. This is 
probably due to very small Au particle and/or a low loading of Au on the catalyst. No 
peak was observed from sample Au/SBA-15-co (Figure 4.4b), showing the absence of 
Au nanoparticles or the particles were too small to be detected. This indicates that it is 
rather impossible to form Au nanoparticles on the surface of non-functionalized SBA-
15 silica during the one-pot synthesis process. 













Figure 4.4 Wide-angle XRD patterns of (a) Au/F-SBA-15-co, (b) Au/SBA-15-co, (c) 
Au/F-SBA-15-im and (d) Au/SBA-15-im.  
 
 Au nanoparticles display a characteristic adsorption band in the visible region due 
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to Au surface plasma resonance (SPR) (Underwood and Mulvaney, 1994). Figure 4.5 
shows the UV-vis spectra of samples F-SBA-15, Au/SBA-15-co, Au/SBA-15-im, 
Au/F-SBA-15-co, and Au/F-SBA-15-im. Sample F-SBA-15 (Figure4.5a) exhibited a 
featureless spectrum because of the absence of gold. A broad plasma resonance peak 
centered at about 518 nm can be seen on catalysts Au/F-SBA-15-im, Au/SBA-15-im 
and Au/F-SBA-15-co, indicating the existence of nano-sized Au particles (Link and 
El-Sayed, 1999).  























Figure 4.5 UV-Vis spectra of (a) F-SBA-15, (b) Au/SBA-15-co, (c) Au/F-SBA-15-im, 
(d) Au/SBA-15-im and (e) Au/F-SBA-15-co. 
 
It was reported that with the increase of Au particle size or aggregate size, the SPR 
peak shifts to longer wavelength or intensified at longer wavelength, that is, the 
original peak became broader and broader due to the coupling of the individual surface 
plasmon of nanoparticles in the aggregated structures caused by the self-assembly of 
Au NPs (Su et al., 2003).  Thus, a sharper SPR peak of catalyst Au/F-SBA-15-co 
indicates a smaller Au particle size than that of catalysts Au/SBA-15-im and Au/F-
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SBA-15-im with dispersive SPR peaks. The plasma resonance peak cannot be seen on 
sample Au/SBA-15-co, indicating the absence of Au nanoparticles on this catalyst, 
consistent with the XRD results.  
 
Figure 4.6 Au 4f core-level XPS spectra of catalysts (a) Au/SBA-15-im, (b) Au/F-
SBA-15-im, (c) Au/F-SBA-15-co and (d) Au/F-SBA-15-co before H2 reduction. 
 
Figure 4.6 shows the Au 4f XPS spectra of the catalysts. The Au 4f signal can be 
clearly seen from samples Au/SBA-15-im (Figure 4.6a), Au/F-SBA-15-im (Figure 
4.6b) and Au/F-SBA-15-co (Figure 4.6c), the presence of two peaks at binding 
energies of  about 84.0 eV and 88.0 eV are assigned to metallic Au. The Au 4f signals 
cannot be found on sample Au/SBA-15-co. In addition, compared to catalyst Au/SBA-
15-im, the binding energy of Au 4f for catalysts Au/F-SBA-15-im and Au/F-SBA-15-
co was shifted to low binding energy region, probably due to the interaction between 
Au nanoparticles and the catalysts support (Zhong et al., 2007). Figure 4.6d shows the 
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Au 4f XPS spectrum of catalyst Au/F-SBA-15-co before H2 reduction. The Au 4f7/2 
and 4f5/2 doublet with binding energy of 86.0 eV and 89.7 eV, respectively, 
corresponding to Au (III) complexes (86.2-87.0 eV and 89.0-90.0 eV) indicated the 
presence of Au (III) complexes on catalyst Au/F-SBA-15-co before H2 reduction. It 
can be concluded that after hydrothermal treatment, washing and surfactant extraction 
process, Au species were still firmly attached on the silica framework as Au (III) 
complex. Upon H2 reduction, the Au (III) complexes were reduced to metallic Au
0
. 
Figure 4.7 shows the TEM images of the Au catalysts. The average diameters of Au 
particles on catalysts Au/SBA-15-im (see Figure 4.7a) and Au/F-SBA-15-im (see 
Figure 4.7b) were estimated to be about 8 nm and 9 nm, respectively. The bigger Au 
particle size on catalyst Au/F-SBA-15-im is mainly because the increase of surface 
hydrophobicity of F-SBA-15 support after introducing vinyl groups (Burleigh et al., 
2003), which prohibited the diffusion of Au precursor solution into the pores of 
mesoporous silica during the wet-impregnation process, leading to the aggregation of 
gold particles on the external surface of functional support. The average diameter of 
Au particle on catalyst Au/F-SBA-15-co (see Figure 4.7d) was estimated to be ~ 5 nm, 
much smaller than that of catalysts prepared by wet-impregnation method, consistent 
with the UV-vis results. The smaller Au nanoparticle size on catalyst Au/F-SBA-15-co 
is due to the anchoring function of vinyl groups to Au precursors and Au nanoparticles, 
which led to the evenly dispersion of Au in the mesoporous silica support; at the same 
time, the template removing method is also very important to the Au particle size. In 
this work, the template P123 was removed by ethanol extraction instead of high 
temperature calcination, preventing the agglomeration of gold nanoparticles during 
heat treatment. The TEM image shown in Figure 4.7c confirmed the absence of Au 
particles on catalyst Au/SBA-15-co. These results show that the organosilane, VTES, 
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is a good functionality for anchoring Au nanoparticle during the one-pot synthesis 
process. 
 
Figure 4.7 TEM images of (a) Au/SBA-15-im, (b) Au/F-SBA-15-im, (c) Au/SBA-15-
co and (d) Au/F-SBA-15-co. 
 
The XRD, UV-Vis, XPS and TEM results discussed above showed that Au 
nanoparticles were present on catalysts Au/SBA-15-im, Au/F-SBA-15-im and Au/F-
SBA-15-co as metallic Au. No Au nanoparticles were found on sample Au/SBA-15-
co, due to the leaching of gold species during the washing step. This leaching did not 
occur over functionalized catalyst Au/F-SBA-15-co because the vinyl groups enhanced 
the interactions between the Au nanoparticles and the support. Such enhancement has 
been observed between Au nanoclusters and the π electrons of benzene rings 
(Ramanath et al., 2004; Maddanimath et al., 2005). The π electrons of vinyl groups in 
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4.3 The mechanism of forming Au nanoparticles  
The one-pot synthesis method for Au nanoparticles supported on vinyl-
functionalized mesoporous silica materials is illustrated in Scheme 4.1. Complexation 
of vinyl groups with the gold ions offers a good opportunity for dispersion of AuCl4
-
 
ions (Step 1). Condensation of TEOS with VTES in the presence of P123 micelles 
forms a mesophase with Au (III) complex wrapped in the organic region (supported by 
XPS results). Removal of the block copolymer template by ethanol leaves behind a 
mesoporous structure with Au ions complexes dispersed on the pore surface (Step 2). 
Finally, reduction of Au species to metallic Au nanoparticles by H2 forms Au 
nanoparticles (Step 3). The distribution of Au nanoparticle size is controlled by the 
space confinement of silica matrix and the interaction of functional groups with Au 
nanoparticles. In this work, the space confinement was limited by the strong acid 
synthesis environment which is difficult for the attachment of gold nanoparticles in 
silica matrix, supported by the absence of Au nanoparticles on catalyst Au/SBA-15-co. 
Thus, the interaction of the functional groups with Au nanoparticles played the main 
role. A carbon-carbon double bond consists of one sigma bond and one π bond and the 
π electrons are very active. On the other hand, a small number of holes formed in the 
d-band of Au caused by d-s hybridization (Geoffrey C. Bond). The interaction between 
active π electrons of vinyl groups and the electron holes in the d-band of Au may have 
occurred during the synthesis of Au/F-SBA-15-co catalyst, leading to the good 
attachment and uniform dispersion of gold nanoparticles.  
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Scheme 4.1 Illustration of the one-pot method for the synthesis of Au nanoparticles 
supported on functionalized SBA-15. 
 
 
 4.4 Catalytic performance 
The catalytic performance of the Au catalysts was evaluated in the selective 
oxidation of cyclohexane with molecular oxygen and reaction results are summarized 
in Table 4.3. It has been found that under the same reaction conditions, less than 0.5% 
of cyclohexane conversion was observed in the absence of gold, i.e. using SBA-15 or 
functionalized SBA-15 (F-SBA-15) or in the absence of catalyst, confirming that the 
catalysis is intimately involved with Au. Under our reaction conditions, teflon liner 
was applied to separate the reaction mixture from steel reactor and three blank 
reactions have been carried out without introducing any catalyst. It was found that the 
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cyclohexane conversion was less than 0.3% and sometimes not detectable. In a direct 
observation, no pressure decrease was observed in first two reactions and only 2 psi 
decrease in the third one after 2h of reaction at 150
o
C under the pressure of 150psi.  
Catalysts Au/SBA-15-im and Au/F-SBA-15-im exhibited almost the same activity and 
selectivity with a conversion of about 8% after 2 h of reaction. Catalyst Au/F-SBA-15-
co exhibited the highest cyclohexane conversion of about 16.6%, doubling that of the 
catalysts prepared using the wet-impregnation method. It is interesting to note that the 
selectivity of cyclohexanone and cyclohexanol over catalyst Au/F-SBA-15-co was as 
high as 92.4%, higher than that over the catalysts prepared using the impregnation 
method. Au/SBA-15-co exhibited no activity due to the absence of Au nanoparticles.  























Au/SBA-15-im 8.7 80.3 19.7 
Au/F-SBA-15-im 8.4 79.2 20.6 
Au/SBA-15-co n. d. n. d. n. d. 
Au/F-SBA-15-co 16.6 92.4 7.6 
n. d.: not detectable. Reaction conditions: 20ml cyclohexane, 50 mg catalyst, 150
o
C, 
1MPa, 2h.  
 
After correlating the catalytic performance with the catalyst structure properties, it 
can be found that Au nanoparticles (Au
0
) are the active sites for the cyclohexane 
oxidation and the particle size played an important role in the catalytic performance. 
Catalyst Au/F-SBA-15-co with an average Au particle size of about 5 nm showed a 
higher activity than catalysts Au/SBA-15-im and Au/F-SBA-15-im with average Au 
nanoparticle sizes of ~ 8 nm and ~ 9 nm, respectively. This was expected as smaller 
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Au particles have a higher density of active surface Au atoms, which are favorable for 
the adsorption and activation of oxygen molecules during the oxidation reaction, 
leading to a higher catalytic activity.    
4.5 Summary  
1) A one-pot synthesis method has been demonstrated to be a facile approach to 
preparing functionalized SBA-15 supported gold catalysts. Vinyl groups were 
found to be a good functionality for anchoring Au nanoparticles because of the 
interaction between the Au species and vinyl groups. 
2) It was observed that the Au catalyst prepared using the present method exhibited 
higher catalytic activity and K/A oil selectivity than the catalysts prepared using 
the impregnation method. This can be attributed to the uniform dispersion of Au 
nanoparticles of about 5 nm in size on vinyl-functionalized mesoporous silica 
support.  
Chapter 5. Gold NPs Supported on Thioether-Functionalized Mesoporous Silica  
 
                                                                                                                                     84 
CHAPTER 5 
GOLD NANOPARTICLES SUPPORTED ON 
THIOETHER-FUNCTIONALIZED MESOPOROUS 




Gold nanoparticles (Au NPs) have been attracting a wide interest because of their 
unique physicochemical properties for optical, electronic, and catalytic applications. 
However, the controlled synthesis of monodispersed gold nanoparticles remains a 
challenge. One of the most successful synthetic methods allowing for precise control 
of the size was achieved by Schaaff et al. (1997; 2001) through the modification of the 
well-known Brust method (Brust et al., 1994; Brust et al., 1995a; Brust et al., 1995b). 
Au NPs with a narrow size distribution (1.1-1.9 nm) were prepared through the 
reductive decomposition of polymeric Au (I)-SRs (-SR: alkanethiolate, R-: C3-C24). 
After that, Au NPs were prepared with different stabilizing ligands, including sulfur-
based ligands (Templeton et al., 2000; Peterle et al., 2008) and nitrogen-based ligands 
(dodecylamine and poly-vinyl-pyrrolidone) (A. Quintanilla, 2010). Among these 
ligands, sulfur-based thioether ligands were widely applied to stabilize Au particles by 
weak interaction between Au NPs and thioether moieties (Li et al., 2001; Maye et al., 
2002; Peterle et al., 2009).  However, these Au NPs are not suitable for catalytic 
reactions because of their poor stability and recyclability. Therefore, to solve this 
problem, preparing the supported Au NPs catalysts is a good alternative. By dispersing 
the nanoparticles into an inorganic support, the Au NPs can be effectively protected by 
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the inert support framework during the heat treatment occurring in the synthesis and 
catalytic reactions (Haruta et al., 1987; Chen et al., 2009).  
Thioether-bridged mesoporous organosilicas were successfully synthesised by 
co-condensation of bis(triethoxysily) propane tetrasulfide (TESPTS) and 
tetramethoxysilane (TMOS) (Liu et al., 2007). This achievement bridged the 
preparation of thioether stabilized-Au NPs supported on silica materials, especially 
on mesoporous silicas which were certified as good catalytic supports. Very 
recently, bis(triethoxysily) propane tetrasulfide (TESPTS) with thioether groups (-
(CH2)3-S-S-S-S-(CH2)3- ) has been shown to be the most effective stabilizing 
ligand to anchor Au nanoparticles on mesoporous silica (Chen et al., 2009). 
However, the effect of TESPTS/TEOS ratio to the catalysts structure, Au loading 
and Au dispersion was unclear, moreover, the interaction mechanism of gold 
precursors with thioether groups has not been revealed. 
In this work, Au nanoparticles supported on thioether-functionalized mesoporous 
silica were prepared and tested for selective oxidation of cyclohexane with 
molecular oxygen. Experimental parameters such as the content of the functionality 
species in the synthesis system and the reduction methods were intensively 
investigated. The interaction of the Au species with TESPTS was studied and the 
evolution of the Au species was monitored using a real-time ultraviolet–visible 
(UV–vis) technique. The resultant Au NPs catalysts exhibited distinct catalytic 
performance. It was observed that the presence of TESPTS in the one-pot synthesis 
system played an important role in the immobilization and dispersion of Au NPs on 
the silica support, thus and further determining the overall catalytic properties.  
The catalysts involved in this chapter and their preparation conditions are listed 
in Table 5.1. 
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Table 5.1 Catalysts involved in this chapter and their preparation conditions 





















7 0.06 wt.%Au/TESPTS-SiO2-cal 
2.5 Calcination 
8 0.16 wt.%Au/TESPTS-SiO2-cal 
2.5 Calcination 
9 0.4 wt.% Au/TESPTS-SiO2-cal 
2.5 Calcination 
10 1.07 wt.% Au/TESPTS-SiO2-cal 
2.5 Calcination 
11 1.63 wt.% Au/TESPTS-SiO2-cal 
2.5 Calcination 
12 3.47 wt.% Au/TESPTS-SiO2-cal 
2.5 Calcination 
 
5.2 Catalyst characterization   
5.2.1 Effect of functionality ratio 
Au catalysts with different TESPTS/TEOS ratio (the molar ratio of TESPTS/TEOS 
= x/100, x was varied from 0.625 to 5.0) were prepared and the obtained catalysts were 
denoted as Au/xTESPTS-SiO2-cal. Low-angle X-ray diffraction (XRD) patterns of the 
Au catalysts synthesized with different amounts of TESPTS are shown in Figure 5.1 
and the d100 spacings are summarized in Table 5.2. Three reflection peaks in the low-
angle region indexed as (1 0 0), (1 1 0) and (2 0 0) diffractions (Figure 5.1a and b) 
were observed on sample SBA-15 and catalyst Au/0.625TESPTS-SiO2-cal, indicating 
a highly ordered 2D hexagonal structure. With the increase of x, the (1 1 0) and (2 0 0) 
diffraction peaks became less intense (Figure 5.1c and the inset) and eventually 
disappeared (Figure 5.1d and e). Only one diffraction peak can be observed from the 
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XRD patterns of catalysts Au/2.5TESPTS-SiO2-cal and Au/5TESPTS-SiO2-cal. In 
addition, the intensity of the peak was lowered, revealing a decrease in the regularity 
of the 2D hexagonal ordered structure. This is probably due to the hydrophobic -CH2-
CH2-CH2-S-S-S-S-CH2-CH2-CH2- species, which could penetrate into the core of the 
surfactant micelles, thereby changing the packing parameter of the surfactant 
molecules, leading to the formation of a poor hexagonal structure. The main (1 0 0) 
diffraction peak shifted to a larger 2θ value with the increase of TESPTS added, 
indicating the shrinkage of silica lattice after removal of the long-chain hydrophobic 
bridging groups.  














Figure 5.1 Low-angle XRD patterns of (a) SBA-15, (b) Au/0.625TESPTS-SiO2-cal, (c) 
Au/1.25TESPTS-SiO2-cal, (d) Au/2.5TESPTS-SiO2-cal and (e) Au/5TESPTS-SiO2-cal. 
 
The N2 adsorption–desorption isotherms and pore size distributions of the obtained 
Au catalysts are shown in Figure 5.2. All catalysts exhibited the characteristic type IV 
isotherm with a hysteresis loop due to capillary condensation of nitrogen in the 
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mesopores. The shape of hysteresis loop deviated from the H-1 loop with the increase 
of TESPTS, because the presence of TESPTS with high concentration may disturb the 
formation and self assembly of surfactant aggregates, leading to the distortion of the 
ordered pore structure. The structural properties of SBA-15 and Au catalysts prepared 
with different TESPTS ratios are listed in Table 5.2. The surface area of the catalysts 
prepared in this work was larger than that of the pure SBA-15, agreement with the 
previous reported results (Hu et al., 2006), which may be attributed to the formation of 
void defects in the pore wall after removing the organic groups (Liu et al., 2005). As 
seen from Table 5.2, the specific surface area and pore volume increased with 
increasing of TESPTS (catalysts Au/0.625TESPTS-SiO2-cal and Au/1.25TESPTS-
SiO2-cal). This is because the presence of a small quantity of TESPTS hardly affected 
the structure regularity, but created extra porosity upon removing the functional groups. 
However, a further increase of x value resulted in a decrease of surface area and pore 
volume for catalysts Au/2.5TESPTS-SiO2-cal and Au/5TESPTS-SiO2-cal, which may 
be attributed to the disruption of ordered mesoporous structure after introducing larger 
amount of TESPTS.  
The pore sizes, estimated from the adsorption branch using the BJH method, showed 
that the pore diameter decreased with the increase of x value, but the wall thickness 
increased in the meantime. This trend can be rationalized in terms of different 
interactions between the surfactant molecules and the silicate or organosilicate 
precursors during the hydrothermal reaction. A strong hydrophobic interaction 
between thioether groups (-CH2-CH2-CH2-S-S-S-S-CH2-CH2-CH2-) and the 
hydrophobic PPO blocks of P123 induced the penetration of silicate species into the 
micelle core, leading to the reduction of channel diameters. Thus, the amount of 
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TESPT introduced in the synthesis mixture plays a crucial role in determining the 
mesostructure of the resultant catalysts.  




































        






















Figure 5.2 N2 adsorption isotherms and corresponding pore size distribution of 
catalysts (a) Au/5TESPTS-SiO2-cal, (b) Au/2.5TESPTS-SiO2-cal, (c) 
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SBA-15 8.7 10.0 782 1.0 7.9 2.1 
Au/0.625TESPTS-SiO2-cal 9.5 11.0 960 1.09 9.2 1.8 
Au/1.25TESPTS-SiO2-cal 8.8 10.2 1050 1.17 8.4 1.8 
Au/2.5TESPTS-SiO2-cal 8.3 9.6 945 0.89 7.7 1.9 
Au/5TESPTS-SiO2-cal 8.1 9.4 919 0.78 5.6 3.8 
Au/2.5TESPTS-SiO2-H2 9.1 10.5 665 0.75 7.4 3.1 
a0 lattice parameter calculated from d100 spacing according to the equation, 
3/2 1000 da  . SBET, surface area calculated by the BET method. Vtotal, total pore 
volume calculated at P/Po=0.998. DBJH, pore size calculated from the adsorption 
branch using BJH method. Wall thickness obtained by subtracting pore size from 
lattice parameter. 
 
The wide-angle XRD patterns of the Au catalysts prepared with different 
TESPTS/TEOS ratios are shown in Figure 5.3 and the Au particle sizes calculated 









 are the characteristic peaks of the (1 1 1), (2 0 0), (2 2 0) and (3 1 1) 
reflections of cubic Au nanoparticles (JCPDS card no.: 4-784). It was found that the 
amount of TESPTS introduced played a decisive role in the dispersion of Au NPs in 
the co-assembly process. The Au nanoparticle size calculated from the XRD data 
showed that an optimized TESPTS ratio was about 1/40 (x = 2.5), under which a well 
dispersed Au NPs catalyst with an average Au particle size of about 5.5 nm was 
obtained. When the TESPTS ratio was less that 1/40, the size of Au particles increased 
with the decrease of TESPTS, as shown in the cases of catalysts Au/1.25TESPTS-
SiO2-cal and Au/0.625TESPTS-SiO2-cal, which exhibited average Au particle sizes of 
6.6 nm and 24.4 nm, respectively.  
The UV-vis adsorption spectra shown in Figure 5.4 revealed that all Au catalysts 
displayed a characteristic adsorption band centered at about ～514 nm due to the Au 
surface plasma resonance (SPR), indicating the existence of nano-sized Au particles 
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(Link and El-Sayed, 1999; Xu et al., 2004). It was reported that with the increase of Au 
particle size or aggregate size, the SPR peak shifts to longer wavelength or intensifies 
at longer wavelength, that is, the original peak becomes broader and broader due to the 
coupling of the individual surface plasmon of Au nanoparticles in the aggregated 
structures caused by the self-assembly of Au NPs (Miles and Murray, 2000; Su et al., 
2003; Zhong et al., 2004). Thus, the sharp SPR peaks of catalysts Au/1.25TESPTS-
SiO2-cal, Au/2.5TESPTS-SiO2-cal and Au/5TESPTS-SiO2-cal  indicated a narrow size 
distribution of Au NPs, while the dispersive SPR peaks of catalyst Au/0.625TESPTS-
SiO2-cal suggested a broad Au particle size distribution, consistent with the XRD 
results.  















Figure 5.3 Wide-angle XRD patterns of (a) Au/0.625TESPTS-SiO2-cal, (b) 
Au/1.25TESPTS-SiO2-cal, (c) Au/2.5TESPTS-SiO2-cal and (d) Au/5TESPTS-SiO2-cal. 
 
The Au contents in different catalysts were measured by using the inductive-
coupled plasma-mass spectrometer (ICP-MS) technique and the results are shown in 
Table 5.3. It is seen that when the amount of TESPTS was equal to or larger than 
1.25%, almost all (≧94%) Au precursors were introduced into the mesoporous silica 
to form Au NPs, indicating a very high Au loading efficiency. However, if less than 
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1.25% of TESPTS was added, only ～75% of Au precursors was immobilized in the 
silica. The values for metal dispersion (DM) are also shown in Table 5.3. It can be seen 
that the metal dispersion was also determined by the amount of TESPTS introduced. 
The optimized amount of functionality was 2.5%, with which higher Au dispersions 
was obtained.  























Figure 5.4 UV-vis spectra of catalysts (a) Au/0.625TESPTS-SiO2-cal, (b) 
Au/1.25TESPTS-SiO2-cal, (c) Au/2.5TESPTS-SiO2-cal, (d) Au/5TESPTS-SiO2-cal.  
 
The TEM images and Au NPs size distribution histograms of catalysts 
Au/xTESPTS-SiO2-cal are shown in Figure 5.5. When the amount of TESPTS was 
equal to 0.625%, unevenly distributed Au NPs (with sizes in the range of 4-15 nm) 
were obtained on the mesoporous silica support (Figure 5.5a), consistent with XRD 
results. With the increase of TESPTS ratio, uniformly dispersed Au NPs in the range 
of 3-8 nm were observed on catalysts Au/1.25TESPTS-SiO2-cal (Figure 5.5b) and 
Au/2.5TESPTS-SiO2-cal (Figure 5.5c) with a TESPTS ratio of 1.25% and 2.5%, 
respectively. However, Au NPs began to aggregate and unevenly distributed (Au NPs 
with sizes in the range of 4-12 nm) with a further increase of TESPTS ratio (Figure 
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5.5d) due to the deterioration of mesoporous structure. 




















Au/0.625TESPTS-SiO2-cal 0.75 4-16 24.4±0.5 4.7±1.8 
Au/1.25TESPTS-SiO2-cal 0.94 3-8 6.6±0.5 17.5±1.8 
Au/2.5TESPTS-SiO2-cal 1.07 3-7 5.5±0.5 21.1±1.8 
Au/5TESPTS-SiO2-cal 1.10 4-12 6.4±0.5 18.1±1.8 
Au/2.5TESPTS-SiO2-H2 0.76 2-6 3.9±0.5 26.7±1.8 
a
: The contents of Au in different catalysts were measured by ICP-MS. 
b
: the Au particle size was measured from TEM images. 
c
: Au particle sizes were 
estimated from the XRD patterns using the Scherrer equation, t = 0.9λ/Bcos(θ), where t 
is the crystallite size, λ is the wavelength, B is the full width at the half maximum, and 
θ is the diffraction angle. 
 
 
Figure 5.5 TEM images and Au NPs size distribution histograms of catalysts (a) 
Au/0.625TESPTS-SiO2-cal, (b) Au/1.25TESPTS-SiO2-cal, (c) Au/2.5TESPTS-SiO2-
cal and (d) Au/5TESPTS-SiO2-cal. 
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5.2.2 Gold loading 
A series of Au catalysts with Au loading in the range of 0.06 wt.% - 3.47 wt.% were 
prepared and the obtained catalysts were designated as yAu/TESPTS-SiO2-cal. The 
wide-angle XRD patterns of the Au catalysts prepared with different Au loading are 








 are the 
characteristic peaks of the (1 1 1), (2 0 0), (2 2 0) and (3 1 1) reflections of cubic Au 
nanoparticles (JCPDS card no.: 4-784). It was found that when the Au loading was less 
than 1.1 wt.%, the Au NP size was well dispersed on mesoporous silica with a size of 
about 5 nm. With the increase of Au loading, the Au NP size increased evidently 
because of insufficient functional group applied. The XRD data showed that with the 
TEMPTS/TEOS ratio of 1/40, the optimized Au loading range should be less than 1.1 
wt.%.  














Figure 5.6 XRD patterns of Au catalysts (a) 0.16 wt.%Au/TESPTS-SiO2-cal, (b) 
0.4 wt.% Au/TESPTS-SiO2-cal, (c) 1.07 wt.% Au/TESPTS-SiO2-cal, (d) 1.63 wt.% 
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The structural properties Au catalysts prepared with different Au loading are listed 
in Table 5.4. The specific surface area and pore volume increased with increasing Au 
loading. This is because the pores enlarge effect introduced by immobilizing Au NPs 
in the mesopores of silica matrix. The pore sizes, estimated from the adsorption branch 
using the BJH method, showed that the pore diameter also increased with the increase 
of Au loading. This trend confirmed the incorporation of Au nanoparticles in the pore 
walls, not on the external surface.  























0.06 wt.%Au/TESPTS-SiO2-cal 3-8 856 0.74 6.5 
0.16 wt.%Au/TESPTS-SiO2-cal 3-8 826 0.8 6.5 
0.4 wt.% Au/TESPTS-SiO2-cal 3-8 789 0.78 7.6 
1.07 wt.% Au/TESPTS-SiO2-cal 3-7 945 0.89 7.7 
1.63 wt.% Au/TESPTS-SiO2-cal 3-15 994 1.09 9.2 
3.47 wt.% Au/TESPTS-SiO2-cal  4-25 914 1.12 9.4 
a 
Au loadings were measured by ICP-MS; 
b
Au particle sizes were measured from TEM 
images; SBET, surface area calculated by the BET method. Vtotal, total pore volume 
calculated at P/Po=0.998. DBJH, pore size calculated from the adsorption branch using 
BJH method. Wall thickness obtained by subtracting pore size from lattice parameter. 
 
The TEM images and Au NPs size distribution histograms of catalysts 
yAu/TESPTS-SiO2-cal are shown in Figure 5.7. When the Au loading was less than 
1.1 wt.%, uniformly dispersed Au NPs in the range of 3-8 nm were observed on the 
mesoporous silica support (Figure 5.7a-d). With the increase of Au loading, unevenly 
distributed Au NPs were obtained on catalyst 1.63 wt.%Au/TESPTS-SiO2-cal (with 
sizes in the range of 3-16 nm, Figure 5.7e) and 3.47 wt.%Au/TESPTS-SiO2-cal (with 
sizes in the range of 4-26 nm, Figure 5.7f), consistent with XRD results. 
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Figure 5.7 TEM images and Au NPs size distribution histograms of catalysts (a) 0.06 
wt.%Au/TESPTS-SiO2-cal, (b) 0.16 wt.% Au/TESPTS-SiO2-cal, (c) 0.4 wt.% 
Au/TESPTS-SiO2-cal, (d) 1.07 wt.% Au/TESPTS-SiO2-cal, (e) 1.63 wt.% 
Au/TESPTS-SiO2-cal and (f) 3.47 wt.% Au/TESPTS-SiO2-cal 
 
5.2.3 Effect of reduction method 
Two methods were used to reduce the Au species to obtain Au NP catalysts. 
Catalysts reduced by different reduction methods were prepared from the same as-
synthesized sample Au/2.5TESPTS-SiO2-as. The H2 reduction method allowed the 
retaining of the functional groups on the final catalyst and the high temperature 
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calcination method led to a complete removal of the functional groups. The 
incorporation of thioether groups into the silica framework of catalyst Au/2.5TESPTS-




C CP MAS NMR spectra as shown in Figure 
5.8. From the 
29
Si MAS NMR spectra, the signals in the range of -90 ~ -150 ppm can 
be assigned to the silicon resonances of Si(OSi)4 (Q4, δ = -110 ppm), (OH)Si(OSi)3 (Q3, 
δ = -102 ppm) and (OH)2Si(OSi)2 (Q2, δ = -91.7 ppm), and the signals in the range of -
50 ~ -70 ppm can be assigned to the silicon resonances of Tx [(SiO)x(OH)3-xSiC] sites 
(Liu et al., 2007). The resonances at about -65 ppm and -56 ppm are attributed to the 
resonances of T3 and T2 for the organosiloxanes were observed on sample 
Au/2.5TESPTS-SiO2-as and catalyst Au/2.5TESPTS-SiO2-H2. The predominant T3 
resonance over T2 resonance indicates the existence of cross-linked organosiloxanes in 
sample Au/2.5TESPTS-SiO2-as and catalyst Au/2.5TESPTS-SiO2-H2. Moreover, the 
enhancement of T3 resonance on catalyst Au/2.5TESPTS-SiO2-H2 was due to further 
dehydration of organosiloxane [(SiO)2(OH)SiC] (T2) sites to [(SiO)3SiC] (T3) sites 
during the H2 reduction at 250 
o
C. However, on catalyst Au/2.5TESPTS-SiO2-cal, no 
T3 or T2 peak was observed because the complete removal of functional groups.  
The presence of the peaks in the range of 10 ~ 40 ppm on the 
13
C CP MAS NMR 
spectra further confirmed the presence of organosiloxane in sample Au/2.5TESPTS-
SiO2-as and catalyst Au/2.5TESPTS-SiO2-H2. Three different carbon chemical 
environments with chemical shifts of δ = 10 ppm, 21 ppm, and 40 ppm in the 13C 


















CH2-Si), respectively (Liu et al., 2007). A featureless 
13
C CP MAS NMR spectrum observed on catalyst Au/2.5TESPTS-SiO2-cal verified 
the complete removal of functional groups. 
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C MAS NMR spectra of catalysts (a) Au/2.5TESPTS-SiO2-as, (b) 
Au/2.5TESPTS-SiO2-H2 and (c) Au/2.5TESPTS-SiO2-cal. 
 
The TEM image in Figure 5.9 clearly showed the well dispersed Au NPs on catalyst 
Au/2.5TESPTS-SiO2-H2. The diameters of the Au particles were estimated to be in the 
range of 2-6 nm. But the Au NP sizes were in the range of 3-7 nm for catalyst 
Au/2.5TESPTS-SiO2-cal (see Figure 5.5c). The larger Au NPs of catalyst 
Au/2.5TESPTS-SiO2-cal may be due to the aggregation of Au particles during the 
calcination (500 
o
C for 6 h). The Au loadings on catalysts Au/2.5TESPTS-SiO2-H2 and 
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Au/2.5TESPTS-SiO2-cal were 0.76 wt.% and 1.07 wt.% (shown in Table 5.3), 
respectively, with an expected Au loading of 1.0 wt%. The lower Au loading 
efficiency on catalyst Au/2.5TESPTS-SiO2-H2 (76%) may be due to the leaching of Au 
species during the template removal. 
 
Figure 5.9 TEM image and Au NPs size distribution histogram of catalyst 
Au/2.5TESPTS-SiO2-H2. 
 
The thioether groups are undoubtedly incorporated into the silica framework of 
catalyst Au/2.5TESPTS-SiO2-H2 as evidenced by the MAS NMR data. Figure 5.10 
shows the UV-vis spectra of pure SBA-15 (Figure 5.10a), catalysts Au/2.5TESPTS-
SiO2-H2 (Figure 5.10b) and Au/2.5TESPTS-SiO2-cal (Figure 5.10c). A featureless 
spectrum was observed on the pure SBA-15 sample, while a strong Au surface plasma 
resonance (SPR) peak at about 513 nm can be seen on catalyst Au/2.5TESPTS-SiO2-
cal, which is a typical SPR adsorbance of nano-sized Au particles (510 nm) (Link and 
El-Sayed, 1999). However, a significant shift of the SPR peak occurred on catalyst 
Au/2.5TESPTS-SiO2-H2, which exhibited an adsorption peak at ca. 423 nm. This blue 
shift is probably due to the interactions between thioether groups and Au NPs (Negishi 
and Tsukuda, 2003). The different colors of the catalysts (Figure 5.10, inset) justified 
the different complexation form of Au NPs on catalysts Au/2.5TESPTS-SiO2-H2 and 
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Au/2.5TESPTS-SiO2-cal, confirming the existence of strong interactions between Au 
NPs and thioether groups in the H2-reduced catalyst. 
 
Figure 5.10 UV-vis spectra of catalysts (a) SBA-15, (b) Au/2.5TESPTS-SiO2-H2 and (c) 
Au/2.5TESPTS-SiO2-cal. 
 
5.2.4 Formation mechanism  
UV-vis spectrometer and XPS techniques were employed to study the evolution of 
Au species during the one-pot catalyst preparation. Figure 5.11 shows the real-time 
UV-vis spectra of the synthesis mixtures in the absence and presence of TESPTS. The 
pure HAuCl4 solution (Figure 5.11, curve 0) with a yellow color exhibited two 
adsorption bands centered at ~ 220 nm and ~ 310 nm, which originated from the gold 
(III) chloride and partially hydrolyzed gold chloride (Au(OH)xCl4-x
-
) species, 
respectively (Moreau et al., 2005). After adding the AuCl4
-
 solution into the synthesis 
mixture, the UV-vis spectra of the solution are shown in Figure 5.11a and b. Without 
introducing functional precursor TESPTS, the adsorption peak shifted slightly to 
longer wavelength (~ 325 nm) which is due to the hindering effect of strong acid 




). The concentration of 
AuCl4
-
 in the solution exhibited a slight decrease after 1 h reaction, which may be due 























b a c 
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to the adsorption of AuCl4
-
 on silicate species. On the other hand, with the presence of 
TESPTS, the two adsorption spectra shifted to shorter wavelength and developed new 
adsorption bands at about 210 nm and 280 nm. The intensity of these two peaks 
gradually enhanced, indicating that a certain form of complex gradually formed 
between AuCl4
-
 and functionality TESPTS (Torigoe et al., 2001).  
The evolution of this complex under the hydrothermal treatment conditions was 
studied through comparing the UV-vis spectra of the synthesis mixture with sample 
Au/2.5TESPTS-SiO2-as. Similar spectra were observed in the range of 200 ~ 300 nm 
due to the adsorption band of thioether-AuCl4
-
 complex (Figure 5.12a and b); while an 
enhanced UV-vis spectrum was seen on catalyst Au/2.5TESPTS-SiO2-as in the range 
of 400 ~ 500 nm, indicating that Au NPs with a size of less than 2 nm (Au clusters) 


























Figure 5.11 Evolution of UV-vis spectra by introducing HAuCl4 into the synthesis gel 
with and without TESPTS addition. 
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Figure 5.12 UV-vis spectra of (a) synthesis gel after 60 min reaction and (b) 
Au/2.5TESPTS-SiO2-as. 
The XPS results shown in Figures 5.13a and d supported the above conclusion. As 
seen from Figure 5.13a, sample Au/2.5TESPTS-SiO2-as exhibited the Au 4f7/2 and 
4f5/2 doublet with binding energies of 84.5 eV and 88.2 eV, respectively, similar to 
those of thiolate-passivated Au clusters (Au : SR clusters) at 84.4 eV (Johnson et al., 
1997), indicating the presence of thioether-stabilized Au clusters in the as synthesized 
sample. The S 2p spectrum for sample Au/2.5TESPTS-SiO2-as showed S 2p doublet 
peaks with binding energies of 163.9 eV and 165.1 eV (Figure 5.13d), confirming the 
existence of interaction between S and Au (Castner et al., 1996). Herein, it can be 
concluded that the Au clusters began to form during the hydrothermal process and Au 
species partially present as thioether-stabilized Au clusters in sample Au/2.5TESPTS-
SiO2-as. After H2 reduction or high temperature calcination, the UV-vis spectra 
showed the formation of thioether-stabilized Au NPs on catalyst Au/2.5TESPTS-SiO2-
a b 
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H2 (Figure 5.10b) and the formation of Au NPs on catalyst Au/2.5TESPTS-SiO2-cal 
(Figure 5.10c). 
 
Figure 5.13 Au (4f) (a, b, c) and S (2p) (d, e, f) XPS spectra of catalysts 
Au/2.5TESPTS-SiO2-as, Au/2.5TESPTS-SiO2-H2 and Au/2.5TESPTS-SiO2-cal. 
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 The XPS results shown in Figure 5.13 verified this conclusion. Au 4f7/2 with 
binding energy of 84.0 eV and 84.1 eV were observed on catalysts Au/2.5TESPTS-
SiO2-H2 (Figure 5.13b) and Au/2.5TESPTS-SiO2-cal (Figure 5.13c), respectively, due 
to metallic Au
0
 (84.0 eV) (Brust et al., 1994), indicating that the Au species were 
completely reduced after H2 reduction or high temperature calcination. The S 2p 
spectrum shown in Figure 5.13e verified the presence of interaction between S and Au 
NPs on catalyst Au/2.5TESPTS-SiO2-H2. The obvious decrease of spectrum intensity 
may be due to the partial decomposing of thioether groups during the H2 reduction. 
The S 2p peaks are absence on catalyst Au/2.5TESPTS-SiO2-cal (Figure 5.13f). The 
evolution of Au species is also verified by the color of sample. The as synthesized 
sample showed a light yellow color, indicating the presence of AuCl4
-
 while the ruby 
color of catalyst Au/2.5TESPTS-SiO2-cal indicated the presence of Au NPs (insets in 
Figures 5.10 and 5.12).  
Based on the above results, a possible formation mechanism of Au NP catalysts was 
proposed as illustrated in Scheme 5.1. Upon mixing of the silica precursors, TEOS and 
TESPTS, with gold precursor (HAuCl4) and the surfactant solution, mesoporous silica 
phase was formed. At the same time, complexation of AuCl4
-
 with thioether groups 
occurred to form AuCl4
-
-thioether complexes (step I). With the co-condensation of the 





-thioether complexes decomposed to form Au clusters stabilized by 
thioether groups (step II) as proved by the UV-vis and XPS data of sample 
Au/2.5TESPTS-SiO2-as. The template was removed by ethanol extraction or high 
temperature calcination. The extracted sample was reduced by H2 (step III), and the 
residual AuCl4
-
-thioether complexes were completely reduced and thioether-stabilized 
Au clusters assemble to form thioether-stabilized Au NPs as proved by the UV-vis 
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spectrum of catalyst Au/2.5TESPTS-SiO2-H2. On the other hand, after high-
temperature calcination (step III’), the template and functional groups were completely 
removed and AuCl4
-
-thioether complexes and thioether-stabilized Au clusters were 
decomposed to form Au NPs. The removal of the functional groups (e.g., -CH2-CH2-
CH2-S-S-S-S-CH2-CH2-CH2-) led to the formation of structure defects in the silica 
framework, which were the favorable sites for the formation of Au NPs and the silica 
framework prohibited the growth of Au NPs during high temperature treatment. 
 
Scheme 5.1 Evolution of Au species during one-pot synthesis.  
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5.3 Catalytic performance  














C6H12 OH C6H12O by-products
a
 
SBA-15 - - - - - - 
Au/0.625TESPT
S-SiO2-cal 
0.5 10.3 40.3 56.7 3.0 9900 
 1 19.4 30.7 59.5 9.8  
 2 27.8 17.7 50.4 31.8  
Au/1.25TESPTS
-SiO2-cal 
0.5 13.4 37.3 60.5 2.2 10394 
 1 24.2 34.4 60.0 5.6  
 2 31.4 20.0 57.3 22.7  
Au/2.5TESPTS-
SiO2-cal 
0.5 15.9 35.7 62.6 1.7 11653 
 1 27.7 24.0 69.5 6.5  
 2 33.4 18.5 56.6 24.8  
Au/5TESPTS-
SiO2-cal 
0.5 13.6 35.8 61.7 2.5 9886 
 1 27.3 31.0 62.7 6.3  
 2 34.5 18.8 61.6 19.6  
Au/2.5TESPTS-
SiO2-H2 
0.5 - - - 0 0 
 1 3.3 60.6 38.0 1.4  
 2 11.2 55.4 41.0 3.6  
C6H12, cyclohexane.  C6H12OH,
 
cyclohexanol. C6H12O, cyclohexanone.  
 a
: by-products are mainly ring-opened acids such as n-butyric, n-valeric, succinic, 
glutaric and adipic acid. 
b
: Moles of K/A oil produced on per mole of surface Au per 
hour. Reaction conditions: 20ml cyclohexane, 10 mg catalyst, 150
o
C, 1MPa, 2h. 
 
5.3.1 Effect of functionality ratio  
The catalytic performance of the catalysts prepared with different TESPTS/TEOS 
ratios or reduced by different methods was investigated on selective oxidation of 
cyclohexane with molecular oxygen. The catalytic reaction profile with time was 
A B 
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studied on catalyst Au/xTESPTS-SiO2-cal and the H2-reduced catalyst. The conversion, 
selectivity, turnover frequency (TOF) and product distribution are summarized in 
Table 5.5. It can be seen that the calcined catalysts showed a good catalytic activity 
(the cyclohexane conversion ranged from 19.4% to 27.7%) and K/A oil selectivity (> 
90%) in the first hour reaction. After that, the selectivity of K/A oil declined with a 
slight increase in the cyclohexane conversion (27.8% - 34.5%). The results indicated 
that control over the reaction kinetics is important in terms of avoiding further 
oxidation of cyclohexanol to cyclohexanone and further oxidation of K/A oil to by-
products. During the reaction, the formation of by-products is inevitable with the 
increase of reaction time.  
The TOF was measured in mole of product K/A oil produced per mole of surface Au 
per hour. The remarkably highest TOF number (11653 h
-1
) for the first half an hour 
reaction was observed on catalyst Au/2.5TESPTS-SiO2-cal, indicating the highest 
initial reaction rate of cyclohexane oxidation on this catalyst, followed by catalysts 
Au/1.25TESPTS-SiO2-cal (10394 h
-1
), Au/5TESPTS-SiO2-cal (9886 h
-1
)  and 
Au/0.625TESPTS-SiO2-cal (9900 h
-1
). This trend was closely related to the Au NPs 
size of the catalysts. Catalyst Au/2.5TESPTS-SiO2-cal exhibited the smallest and most 
uniform Au particles (with an average Au NPs size of about 5.5 nm), followed by 
catalysts Au/1.25TESPTS-SiO2-cal (with an average Au NPs size of 6.6 nm), 
Au/5TESPTS-SiO2-cal (with an average Au NPs size of 6.4 nm) and 
Au/0.625TESPTS-SiO2-cal (with an average Au NPs size of 24.4 nm). The higher 
reaction activity on catalyst with smaller Au NPs size can be explained that more 
surface-free Au atoms were presented as the active sites on the catalysts with smaller 
Au NPs.  
Judging from the characterization and reaction results, the optimized TESPTS ratio 
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was obtained as 1/40 (at the value of x = 2.5) with which well-dispersed Au NPs were 
obtained and a high Au loading efficiency was achieved, thus leading to a high 
catalytic activity.  
5.3.2 Effect of reduction method 
The catalytic reaction data in Table 5.5 also showed that catalyst Au/2.5TESPTS-
SiO2-cal exhibited a higher cyclohexane conversion and reaction rate (TOF) than that 
of catalyst Au/2.5TESPTS-SiO2-H2. The catalytic data collected in this study showed 
that catalyst Au/2.5TESPTS-SiO2-H2 with Au particle sizes in the range of 2-6 nm 
exhibited a lower catalytic activity than the calcined catalyst with Au particle sizes in 
the range of 3-7 nm. The lower cyclohexane conversion on catalyst Au/2.5TESPTS-
SiO2-H2 (0.76 wt.%) is probably due to the lower Au loading than that on catalyst 
Au/2.5TESPTS-SiO2-cal (1.07 wt.%). But the extremely lower TOF of catalyst 
Au/2.5TESPTS-SiO2-H2 (0 h
-1
) than that of catalyst Au/2.5TESPTS-SiO2-cal during 
the first half an hour reaction indicated a lower initial reaction rate of the former. This 
is most probably due to the partial coordination of active Au sites with capping agent 
TESPTS, which hampered the accessibility of the active Au sites to the reactants (A. 
Quintanilla, 2010).  
Correlating the above reaction results with the catalyst properties, it was realized 
that the available surface Au atoms with low-coordination determined the catalytic 
activity of Au nanoparticles supported on functionalized mesoporous silica while the 
presence of functional groups on the resultant catalyst poisoned the catalytic activity. 
5.3.3 Effect of gold loading 
The catalytic performance of the catalysts prepared with different Au loadings was 
investigated on selective oxidation of cyclohexane with molecular oxygen. The 
conversion, K/A oil selectivity and by-products selectivity profile with different Au 
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loading are shown in Figure 5.14. It was found that when the Au loading was lower 
than 1.1 wt.%, the cyclohexane conversion increased dramatically with the increasing 
of Au loading and the highest cyclohexane conversion (27.7%) was obtained on 
catalyst 1.07 wt.% Au/TESPTS-SiO2-cal after 1h reaction. However, the cyclohexane 
conversion decreased to 11.2% with further increase of Au loading to 3.47 wt.%. This 
trend was closely related to the distribution of Au NP size on different catalysts. In the 
characterization part, it was observed that when the Au loading was less than 1.1 wt.%, 
the Au NPs were well dispersed in the size range of 3-8 nm, with the increase of Au 
loading to 1.63 wt.% and 3.47 wt.%, the sizes of Au NPs increased to 3-16 nm and  4-
26 nm, respectively.  
The high catalytic activity on catalyst 1.07 wt.% Au/TESPTS-SiO2-cal was due to 
more surface Au atoms presenting as active sites. Thus, it can be concluded that the 
surface Au atoms are the active sites for cyclohexane oxidation reaction.  














































   
Figure 5.14 Catalytic performances with different Au loading catalyst. 
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5.3.4 Stability and recyclability  
Recycling tests with repeated use of catalysts Au/2.5TESPTS-SiO2-cal and 
Au/2.5TESPTS-SiO2-H2 in six consecutive reactions were carried out. The catalyst 
was removed from the reaction system by filtration after 1 h reaction and washed 
thoroughly by ethanol, followed by drying at 80 
o
C overnight and then subjected to the 
next cycle. The recycling results shown in Figure 5.15 indicated that a slight 
conversion decrease occurred after the 2
nd
 run on catalyst Au/2.5TESPTS-SiO2-cal and 
no obvious activity loss was observed in the following 4 cycles, demonstrating a good 
stability of catalyst Au/2.5TESPTS-SiO2-cal. The slight decrease of catalytic activity 
at the first two cycles is due to the aggregation of small Au NPs on the surface of the 
silica support. The ICP-MS data showed that less than 1ppm of Au was leached in the 
filtrate indicating that almost no leaching occurred. 
 
Figure 5.15 Recyclability of catalyst Au/2.5TESPTS-SiO2-cal (a) Fresh catalyst, (b) 
catalyst after two-cycle reaction and (c) catalyst after six-cycle reaction. 
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Figure 5.16 Recyclability of catalyst Au/2.5TESPTS-SiO2-H2 (a) Fresh catalyst, (b) 
catalyst after one-cycle reaction, (c) catalyst after two-cycle reaction and (d) catalyst 
after six-cycle reaction. 
 
Figure 5.16 shows the recycling results of catalyst Au/2.5TESPTS-SiO2-H2. It is 
interesting to note that the catalytic activity kept increasing in the first several runs and 
decreasing after the 4
th
 run. This was due to that part of the active sites was 
coordinated by functional groups in the fresh catalyst. The functional groups would be 
decomposed under the high temperature reaction. Thus, after one or two runs the active 





 cycles. However, these free Au NPs may easily aggregate to larger Au 
particles; explaining that after the 4
th
 reaction cycle, the catalytic activity decreased 
again. The color photos of the fresh and used catalysts shown in Figure 5. 15 and 5.16 
justified the above results. For catalyst Au/2.5TESPTS-SiO2-cal, the appearance of 
catalyst became slight dark red after two reaction cycles and no obvious change of 
color occurred after the 2
nd
 reaction cycle until the 6
th
 cycle, indicating that no further 
(a). (c). (d). (b). 
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aggregation occurred after the initial aggregation of surface Au NPs. On the other hand, 
the color changed significantly in each cycle of catalyst Au/2.5TESPTS-SiO2-H2, 
indicating the decomposing of functional groups, the releasing of Au NPs and the 
further aggregating of Au NPs.  


















163.6 eV 168.8 eV
 
Figure 5.17 S 2p XPS spectra of fresh and used catalyst Au/2.5TESPTS-SiO2-H2 (a) 
Fresh catalyst, (b) after one-cycle reaction, (c) after two-cycle reaction and (d) after 
three-cycle reaction. 
 
Figure 5.17 shows the S 2p XPS spectra of catalyst Au/2.5TESPTS-SiO2-H2 before 
and after use. It is seen that the thioether groups with a binding energy of 163.8 eV 
were oxidized to form SO3
-
 with a binding energy of 168.8eV after the 1
st
 reaction 
cycle, and then decomposed after the 3
rd
 reaction cycle. This exactly explains that the 
catalyst preserves the highest catalytic activity in the 4
th
 reaction cycle and after that 
aggregation of Au nanoparticles occurred. As is seen from the TEM images in Figure 
5.18, no obvious aggregation of Au NPs was observed on catalyst Au/2.5TESPTS-
SiO2-cal, while distinct aggregation of Au NPs was found on catalyst Au/2.5TESPTS-
SiO2-H2. The excellent stability and recyclability of catalyst Au/2.5TESPTS-SiO2-cal 
is due to the confinement of Au NPs in the silica framework, while the poor stability of 
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catalyst Au/2.5TESPTS-SiO2-H2 is attributed to the attachment of Au NPs with 
functional groups, which were unstable at high temperatures. These reaction results 
confirmed the validity of the formation mechanism proposed in Scheme 5.1 that for 
catalysts Au/2.5TESPTS-SiO2-H2 the Au NPs were attached and stabilized by 
thioether groups, while on catalyst Au/2.5TESPTS-SiO2-cal, the Au NPs were 
protected by the silica framework. 
 
Figure 5.18 TEM images of catalysts (a) Au/2.5TESPTS-SiO2-cal and (b) 
Au/2.5TESPTS-SiO2-H2 after six-cycle reaction. 
 
5.4 Summary 
1) Well dispersed Au nanoparticles supported on mesoporous silica were prepared 
using a one-pot synthesis method with TESPTS as functionality. It was found that 
the ratio of TESPTS to TEOS plays a crucial role in the immobilization and 
dispersion of Au NPs on silica support.  
2) The complexation of thioether groups with AuCl4
- 
led to the evenly distribution of 
Au precursors in the synthesis mixture. Thioether-stabilized Au clusters were 
formed after hydrothermal treatment and Au NPs were formed after H2 reduction 
or high temperature calcination.  
3) Catalyst Au/2.5TESPTS-SiO2-cal synthesized with a TESPTS/TEOS ratio of 1/40 
and reduced by calcination exhibited the best catalytic activity for cyclohexane 
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achieving a high cyclohexane conversion and K/A oil selectivity. The highest 
initial reaction rate on catalyst Au/2.5TESPTS-SiO2-cal was attributed to the 
smallest Au NPs size, that is, more surface-free Au atoms presenting as the active 
sites on the catalysts with smaller Au NPs. 
4) A lower catalytic activity was observed on catalyst Au/2.5TESPTS-SiO2-H2 than 
that of calcined catalyst due to partial coverage of the active sites by the 
functional groups, indicating that the presence of functional groups poison the 
catalytic activity of Au nanoparticles catalyst.  
5) The excellent stability and recyclability of catalyst Au/2.5TESPTS-SiO2-cal 
verified the protection effect of silica framework to Au NPs on the calcined 
catalyst. 
 




GOLD NANOPARTICLES SUPPORTED ON THIOL-
FUNCTIONALIZED MESOPOROUS SILICA AS 




In Chapter 5, sulfur-based thioether ligands (TESPTS) were applied as 
functionality to attach Au NPs on mesoporous silica through weak interaction 
between thioether groups and Au NPs. In Brust method (Brust et al., 1994; Brust et 
al., 1995; Brust et al., 1995), it was found that polymeric Au (I)-SRs (-SR: 
alkanethiolate, R-: C3-C24) were formed between gold precursors and thiol ligands 
throng the formation of chemical bond. This strong interaction may favor the 
dispersion of gold precursors during the synthesis of supported Au NPs catalysts. A 
thiol-functionalized porous silica spheres were directly synthesis via co-condensation 
method and applied to embed Au NPs for catalytic application (Nakamura et al., 2007). 
This motivated us to explore the one-pot synthesis of Au NPs embedded in 
mesoporous silica support with the assistance of thiol-based bifunctional ligands.  
In this work, a thiol-containing organosilane, mercapto-propyl-trimethoxysilane 
(MPTMS), which was demonstrated to be very effective in the functionalization of 
silica (Chong et al., 2004), was used in a one-pot synthesis approach to prepare 
mesoporous silica supported Au NPs catalyst with the expectation of the stabilization 
of Au via the formation of polymeric Au thiolates (Schaaff et al., 1997). Different from 
the thioether organosilane, the MPTMS favors the immobilization of the Au NPs on 
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the pore surface, and partially intercalation of Au NPs into the pore walls, allowing the 
easy access of the Au NPs to the reactant molecules. For the first time, the interaction 
of Au with MPTMS was directly observed and the evolution of the Au species was 
monitored using a real-time UV-vis technique. The Au NPs catalysts exhibited 
excellent catalytic performance in the solvent-free selective oxidation of cyclohexane.  
Furthermore, the desire to produce K/A oil with high selectivity prompted us to 
extend this research regarding the improvement of catalyst composition and 
optimization of reaction conditions. Hence, in this case, the effect of various factors, 
such as the Au loading, the reduction methods and the reaction conditions on the 
catalytic performance of Au NPs catalyst for cyclohexane oxidation were extensively 
investigated. The effect of reaction conditions, such as reaction temperature, reaction 
time, O2 pressure and stirring rate to the catalytic performance was intensively studied. 
A possible formation mechanism of Au catalysts reduced by different methods and the 
reaction mechanism of selective oxidation of cyclohexane on Au NPs catalyst were 
discussed. 
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Table 6.1 Catalysts involved in this chapter and their preparation conditions 




1 Au/2.5MPTMS-SiO2-cal 2.5 Calcination 
2 Au/5MPTMS-SiO2-cal 5.0 Calcination 
3 Au/10MPTMS-SiO2-cal 10.0 Calcination 
4 Au/20MPTMS-SiO2-cal 20.0 Calcination 





7 Au/10MPTMS-SiO2-H2 10.0 H2 reduction 
8 0.2 wt.%Au/MPTMS-SiO2-cal 10.0 Calcination 
9 0.4 wt.%Au/MPTMS-SiO2-cal 10.0 Calcination 
10 0.95 wt.%Au/MPTMS-SiO2-cal 10.0 Calcination 
11 1.2 wt.%Au/MPTMS-SiO2-cal 10.0 Calcination 
12 1.6 wt.% Au/MPTMS-SiO2-cal 10.0 Calcination 
 
6.2 Catalyst characterization   
6.2.1 Effect of functionality ratio 
 Figure 6.1 shows the low-angle XRD patterns of the Au catalysts synthesized with 
different amounts of MPTMS and the d100 spacings are summarized in Table 6.2. It 
was seen that sample Au/2.5MPTMS-SiO2-cal exhibited a strong (1 0 0) diffraction 
peak together with two weak (1 1 0) and (2 0 0) diffractions (Figure 6.1d), indicating 
the formation of a highly ordered mesoporous structure. With the increase of x, the (1 
1 0) and (2 0 0) diffraction peaks became less intense and eventually disappeared. In 
addition, the intensity of the (1 0 0) peak was lowered, revealing a gradual decrease of 
the 2D hexagonal ordered structure. Upon increasing x up to 20, the regularity of 
hexagonal structure became very low, implying that a high concentration of MPTMS 
in the synthesis gel hindered the condensation of the TEOS to form an ordered 
inorganic framework. Notably, a decrease in d100 spacing was observed with the 
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increase of organosilane loading, due to the shrinkage of silica framework after 
removing of functional groups by calcination (Shylesh et al., 2008). 












Figure 6.1 XRD patterns of catalysts (a) Au/20MPTMS-SiO2-cal, (b) Au/10MPTMS-
SiO2-cal, (c) Au/5MPTMS-SiO2-cal, (d) Au/2.5MPTMS-SiO2-cal, and (e) SBA-15. 
 
The N2 adsorption–desorption isotherms and pore size distributions of the obtained 
Au catalysts are shown in Figure 6.2. The structural properties are listed in Table 6.2. 
All catalysts exhibited the characteristic type IV isotherms with a hysteresis loop due 
to capillary condensation of nitrogen in the mesopores. The shape of hysteresis loop 
deviated from the H-1 loop with the increase of MPTMS. This is because a high 
concentration of MPTMS in the synthesis mixture may disturb the formation and self-
assembly of surfactant aggregates, leading to the distortion of the ordered pore 
structure. The BJH pore-size distribution (PSD) values were in the range of 3.7–7.5 nm. 
The surface area of catalysts prepared in this work was larger than that of the pure 
SBA-15, consistent with the previous reported results (Hu et al., 2006), which may be 
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attributed to the formation of void defects in the pore wall after removing organic 
groups.  
        
Figure 6.2 N2 adsorption/desorption isotherms (top) and pore size distribution curves 
(bottom) of catalysts (a) Au/20MPTMS-SiO2-cal, (b) Au/10MPTMS-SiO2-cal, (c) 
Au/5MPTMS-SiO2-cal, (d) Au/2.5MPTMS-SiO2-cal, and (e) SBA-15 (for clarity, 
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As seen in Table 6.2, the specific surface area, pore volume and pore diameter 
decreased with increasing of x value, but the wall thickness increased. This trend can 
be rationalized in terms of different interactions between the surfactant molecules and 
the silicate or organosilicate precursors during the hydrothermal reaction. When 
mesoporous silicate structure formed via surfactant-silicate self-assembly under acid 
conditions, the positively charged protonated silicate species preferentially interacted 
with the more hydrophilic PEO block (head block). The mercaptopropyl groups may 
locate at the surfactant-silicate interface after introducing MPTMS to the synthesis gel. 
With the increase of mercaptopropyl concentrations, the density of silanol groups in 
this interface region decreased, and fewer surfactant molecules were required for 
cooperative self-assembly of a silica block-polymer-rich mesophase. This led to the 
contraction of the micelle size, even destruction of the self-assembly behavior and 
leading to the deterioration of the mesostructure in samples with higher ratio of 
MPTMS added. A stronger hydrophobic interaction of mercaptopropyl groups with the 
more hydrophobic PPO blocks of P123 induced the penetration of the siliceous species 
into the micelle core, correspondingly resulting in the reduction of channel diameters. 






















Au/20MPTMS-SiO2-cal 7.5 8.2 855 0.62 3.7 4.5 
Au/10MPTMS-SiO2-cal 8.1 9.3 966 0.87 5.5 3.8 
Au/5MPTMS-SiO2-cal 8.5 9.8 972 0.94 6.5 3.3 
Au/2.5MPTMS-SiO2-cal 9.0 10.4 980 1.1 7.5 2.9 
SBA-15 8.7 10.0 782 1.0 7.9 2.1 
a0 lattice parameter calculated from d100 spacing according to the equation, 
3/2 1000 da  . SBET, surface area calculated by the BET method. Vtotal, total pore 
volume calculated at P/Po=0.998. DBJH, pore size calculated from the adsorption 
branch using BJH method. Wall thickness obtained by subtracting pore size from 
lattice parameter. 
 
TEM images and Au NPs size distribution histograms of catalysts Au/xMPTMS-
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SiO2-cal are shown in Figure 6.3. When 20% of MPTMS was added, Au NPs were 
successfully immobilized in the porous silica with Au NPs diameter in the range of 2-4 
nm. However, the 2D hexagonal mesoporous structure was largely disrupted as is seen 
from Figure 6.3a, which showed a wormlike pore structure with irregular pore 
distribution. When the ratio of MPTMS decreased to 10%, ordered mesoporous 
structure was obtained and Au NPs were well dispersed in the mesoporous silica with 
Au NPs size in the range of 2-4 nm (Figure 6.3b). It was found that the amount of 
MPTMS introduced played a critical role in the dispersion of Au NPs in the co-
assembly process. Figure 6.3c and Figure 6.3d showed that the Au NPs began to 
aggregate and unevenly distribute with the decrease of MPTMS ratio, even though 
ordered mesoporous structure was obtained on these two catalysts. Au NPs size on 
catalyst Au/5MPTMS-SiO2-cal was in the range of 2-6 nm and that on catalyst 
Au/2.5MPTMS-SiO2-cal was in the range of 3-9 nm. It should be noted that most of 
the Au NPs, as indicated by the arrows in Figure 6.3e, were partially intercalated in the 
pore walls of the mesoporous silica, which may be due to the formation of void defects 
on pore wall after removing the organic groups. These defects acted as favorable sites 
for the deposition of Au NPs and the strong pore wall with a thickness of ~ 3.8 nm 
confined the further growing of Au NPs during high temperature treatment. 
The Au contents in different catalysts are shown in Table 6.3. It was observed that 
when the amount of MPTMS was equal to or larger than 10%, almost all (≧ 95%) Au 
precursors were introduced into the mesoporous silica to form Au NPs, indicating a 
very high Au loading efficiency. However, if less than 10% of MPTMS was added, 
only ～80% of Au precursors were immobilized in the silica. The values for metal 
dispersion (DM) are also shown in Table 6.3. It can be seen that the metal dispersion 
was also determined by the amount of MPTMS introduced. The larger amount of 
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functionality introduced, the higher Au dispersions were obtained.  
 
Figure 6.3 TEM images of catalysts (a) Au/20MPTMS-SiO2-cal, (b) Au/10MPTMS-
SiO2-cal, (c) Au/5MPTMS-SiO2-cal, (d) Au/2.5MPTMS-SiO2-cal, and (e) 
Au/10MPTMS-SiO2-cal, of a higher magnification showing partially embedded Au 
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Au/20MPTMS-SiO2-cal 1.0 2 - 4 2.7±0.5 42.9±1.8 
Au/10MPTMS-SiO2-cal 0.95 2 - 4 2.8±0.5 41.5±1.8 
Au/5MPTMS-SiO2-cal 0.82 2 - 6 3.4±0.5 34.0±1.8 
Au/2.5MPTMS-SiO2-cal 0.85 3 - 9 4.7±0.5 24.6±1.8 
a
 The contents of Au in different catalysts were measured by ICP-MS. 
b,c
: the Au particle size was measured from TEM images. 
 
The UV-vis adsorption spectra shown in Figure 6.4 revealed that all Au catalysts 
displayed a characteristic adsorption band centered at about ～500 nm due to the Au 
surface plasma resonance (SPR), indicating the presence of nano-sized Au particles 
(Link and El-Sayed, 1999; Xu et al., 2004). The featureless UV-vis adsorption of pure 
SBA-15 is shown in Figure 6.4e. It was reported that with the increase of Au particle 
size, the SPR peak shifts to longer wavelength or intensifies at longer wavelength. 
Thus, the original peak becomes broader and broader due to the coupling of the 
individual surface Plasmon of Au nanoparticles in the aggregated structures (Miles and 
Murray, 2000; Su et al., 2003; Zhong et al., 2004). Thus, the sharp SPR peaks of 
catalysts Au/20MPTMS-SiO2-cal and Au/10MPTMS-SiO2-cal indicated a narrow size 
distribution of Au NPs, while the dispersive SPR peaks of catalysts Au/5MPTMS-
SiO2-cal and Au/2.5MPTMS-SiO2-cal suggested a broad Au particle size distribution, 
justified the TEM results.  
From the above results, an optimized synthesis recipe was obtained as 
0.128HAuCl4: 36TEOS: 4MPTMS (at the value of x = 10), with which ordered 
mesoporous structure and well-dispersed Au NPs were obtained. For catalyst 
Au/10MPTMS-SiO2-cal with Au particle size in the range of 2-4 nm and a pore size 
of ～ 5.5 nm, most of the Au particles were well confined inside the pores and partially 
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intercalated in the walls of mesoporous silica.  

























Figure 6.4 UV-vis spectra of catalysts (a) Au/20MPTMS-SiO2-cal, (b) Au/10MPTMS-
SiO2-cal, (c) Au/5MPTMS-SiO2-cal, (d) Au/2.5MPTMS-SiO2-cal and (e) SBA-15. 
 
6.2.2 Gold loading 
 Figure 6.5 shows the XRD patterns of Au catalysts with different gold loadings. 
When the Au loading was less than 1 wt.%, very weak or even no diffractions were 
detected which is due to very small Au particles and/or a low concentration of Au on 
the catalyst. Four peaks at 38.18, 44.43, 64.55 and 77.75
o
 are seen on catalysts with a 
gold loading of more than 1 wt.%, assigned to the cubic Au nanoparticles (JCPDS card 
no.: 4-784). With the increase of Au loading, the color of resultant catalysts changes 
from light pink to ruby (inset in Figure 6.5), indicating the high concentration of Au 
and/or larger Au particles presenting. 




Figure 6.5 XRD patterns of catalysts (a) 0.2 wt.%Au/MPTMS-SiO2-cal, (b) 0.4 
wt.%Au/MPTMS-SiO2-cal, (c) 0.95 wt.%Au/MPTMS-SiO2-cal and (d) 1.2 
wt.%Au/MPTMS-SiO2-cal and (e) 1.6 wt.% Au/MPTMS-SiO2-cal. 
 
The pore structure of catalysts with different Au loadings was characterized by N2 
adsorption/desorption method. N2 adsorption/desorption isotherms and the pore size 
distribution are shown in Figure 6.6. It was observed that similar type IV isotherms 
with a hysteresis loop were obtained. The pore size distribution was centered in the 
range of 4-6 nm; however, the pore size distribution became wider with the increase of 
Au loading. This is due to the distortion effect caused by the immobilization of Au 
NPs in the pore surface. The textural properties and Au metal dispersions on different 
Au loading catalysts were summarized in Table 6.4. No obvious difference was 
observed on the textural properties of these Au catalysts because a small amount of Au 
precursors introduced has no obvious effect on the mesoporous structure of silica 
support. However, the metal dispersion decreased with the increase of Au loading. 









a c b d e 




Figure 6.6 N2 adsorption isotherms and the corresponding pore size distribution of 
catalysts (a) 0.2 wt.%Au/MPTMS-SiO2-cal, (b) 0.4 wt.%Au/MPTMS-SiO2-cal, (c) 
0.95 wt.%Au/MPTMS-SiO2-cal and (d) 1.2 wt.%Au/MPTMS-SiO2-cal and (e) 1.6 wt% 
Au/MPTMS-SiO2-cal.
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Table 6.4 Textural properties, Au particle size and metal dispersion of Au catalysts 



























814 0.71 4.5 2.79±0.5 41.5±1.8 
0.4 wt.%Au/MPTMS- 
SiO2-cal 
810 0.71 4.5 2.78±0.5 41.6±1.8 
0.95 wt.%Au/MPTMS- 
SiO2-cal 
862 0.73 4.6 2.79±0.5 41.5±1.8 
1.2 wt.%Au/MPTMS- 
SiO2-cal 
817 0.71 4.6 3.4±0.5 34.0±1.8 
1.6 wt.% Au/MPTMS- 
SiO2-cal 
840 0.7 4.6 7.9±0.5 14.6±1.8 
SBET, surface area calculated by the BET method. Vtotal, total pore volume calculated at 
P/Po=0.998. DBJH, pore size calculated from the adsorption branch using BJH method. 
a
: The contents of Au in different catalysts were measured by ICP-MS. 
b
: The Au particle size was measured from TEM images. 
 
Figure 6.7 shows the TEM images of Au catalysts with different Au loadings. It was 
found that when the Au loading was less than 1.2 wt.%, the size distributions of Au 
NPs were in the similar range of 2-5 nm. With the Au loading increasing up to 1.6 
wt.%, the Au NPs began to aggregate to larger ones (3-12 nm). In this work all 
catalysts were prepared with a MPTMS/TEOS ratio of ca. 1/9, under which the amount 
of Au loading was optimized and the results showed that with an Au loading of less 
than 1 wt.%, the well dispersed Au NPs in the range of 2-5 nm were obtained. From 
Figure 6.7f, it was observed that the most probable distribution of Au NPs was 2.5 nm 
on catalysts 0.2 wt.%Au/MPTMS-SiO2-cal, 0.4 wt.%Au/MPTMS-SiO2-cal and 0.95 
wt.%Au/MPTMS-SiO2-cal, and increased to 3.5 nm and 9 nm on catalysts 1.2 
wt.%Au/MPTMS-SiO2-cal and 1.6 wt.%Au/MPTMS-SiO2-cal, respectively.  
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Figure 6.7 TEM images of catalysts (a) 0.2 wt.%Au/MPTMS-SiO2-cal, ((b) 0.4 
wt.%Au/MPTMS-SiO2-cal, (c) 0.95 wt.%Au/MPTMS-SiO2-cal, (d) 1.2 
wt.%Au/MPTMS-SiO2-cal, (e) 1.6 wt% Au/MPTMS-SiO2-cal and (f) the most 
probable distribution of Au particle size on different Au loading catalysts. 
 
6.2.3 Effect of reduction method 
Catalysts reduced by different reduction methods were prepared from the same as-
synthesized sample Au/10MPTMS-SiO2-as with an expected Au loading of 1 wt.%. 
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were denoted as Au/10MPTMS-SiO2-BH4, Au/10MPTMS-SiO2-H2 and 
Au/10MPTMS-SiO2-cal based on the reduction method.  The structural properties and 
Au loadings of different catalysts are listed in Table 6.5. Catalyst Au/10MPTMS-SiO2-
cal exhibits the largest surface area (921 m
2
/g) and pore volume (0.81 m
3
/g), due to the 
complete removal of surfactant and functional groups. Sample Au/10MPTMS-SiO2-3et 
after template removal by ethanol extraction showed relative lower specific surface 
area (642 m
2
/g) and pore volume (0.78 m
3
/g) than that of catalyst Au/10MPTMS-SiO2-
cal which is due to the incomplete removal of surfactant (Chong et al., 2004). However, 
after NaBH4 or H2 reduction, the surface area and pore volume decreased dramatically, 
especially for catalyst Au/10MPTMS-SiO2-BH4 with a specific surface area of 100 
m
2
/g and the pore volume of 0.1 cm
3
/g. This significant decrease may be attributed to 
the formation of Au clusters after reduction and release of combined mercaptopropyl 
groups (-CH2-CH2-CH2-SH) which block the pores of mesoporous silica support. 
Minor decrease occurred on catalyst Au/10MPTMS-SiO2-H2 with a specific surface 
area of 438 m
2
/g and the pore volume of 0.48 m
3
/g, which maybe due to the partial 
decomposition of functional groups on catalyst Au/10MPTMS-SiO2-H2 during the H2 
reduction at 250 
o
C. The presence of functional groups on catalysts Au/10MPTMS-
SiO2-BH4 and Au/10MPTMS-SiO2-H2 needs to be further confirmed. 
Table 6.5 Textural properties of the Au catalysts prepared by different reduction 
method 


















Au/10MPTMS-SiO2-3et 0.82 642 0.78 5.5 
Au/10MPTMS-SiO2-BH4 0.67 100 0.1 3.5 
Au/10MPTMS-SiO2-H2 0.81 435 0.48 7.6 
Au/10MPTMS-SiO2-cal 0.95 921 0.81 5.5 
a
 The contents of Au in different catalysts were measured by ICP-MS. SBET, surface 
area calculated by the BET method. Vtotal, total pore volume calculated at P/Po=0.998. 
DBJH, pore size calculated from the adsorption branch using BJH method. 
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The Au contents in different catalysts were measured by using the inductive-coupled 
plasma-mass spectrometer (ICP-MS) technique and the results are shown in Table 6.5. 
The Au loading efficiencies on catalysts Au/10MPTMS-SiO2-BH4, Au/10MPTMS-
SiO2-H2 and Au/10MPTMS-SiO2-cal were 0.67%, 0.81% and 0.95%, respectively. It 
can be concluded that the catalyst reduced by high temperature calcination provided 
the highest Au loading efficiency, while the low Au loading efficiency on catalysts 
Au/10MPTMS-SiO2-BH4 and Au/10MPTMS-SiO2-H2 may be due to the leaching of 
Au species during the template removal process and/or reduction process.  
The evidence for the incorporation of organosilanes into the silica framework of 




C CP MAS NMR results shown in Figure 6.8. From 
29
Si MAS NMR spectra, 
the signals in the range of -90 ~ -150 ppm can be assigned to the silicon resonances of 
Si(OSi)4 (Q4, δ=-110 ppm), (OH)Si(OSi)3 (Q3, δ=-102 ppm) and (OH)2Si(OSi)2 (Q2, 
δ=-91.7 ppm), and the signals in the range of -50 ~ -70 ppm can be assigned to the 
silicon resonances of Tx [(SiO)x(OH)3-xSiC] sites. The resonances at about -65 ppm and 
-56 ppm which are attributed to the resonances of T3 and T2 for the organosiloxanes 
were observed on sample Au/10MPTMS-SiO2-as, catalysts Au/10MPTMS-SiO2-BH4 
and Au/10MPTMS-SiO2-H2. The predominant T3 resonance over T2 resonance 
indicates the presence of cross-linked organosiloxanes in the as-synthesized 
Au/10MPTMS-SiO2-as, catalysts Au/10MPTMS-SiO2-BH4 and Au/10MPTMS-SiO2-
H2. However, on catalyst Au/10MPTMS-SiO2-cal, no T3 or T2 peaks were observed 
because of the total removal of functional groups during high temperature treatment.  
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C MAS NMR spectra of catalysts (a) Au/10MPTMS-SiO2-as, (b) 
Au/10MPTMS-SiO2-BH4, (c) Au/10MPTMS-SiO2-H2 and (d) Au/10MPTMS-SiO2-cal. 
 
The observation of peaks in the range of 10 ~ 30 ppm from 
13
C CP MAS NMR 
spectra further confirmed the presence of organosilanes in catalysts Au/10MPTMS-
SiO2-BH4 and Au/10MPTMS-SiO2-H2. Three different carbon chemical environments 
with chemical shifts of δ=11 ppm, 22 ppm, and 26 ppm can be assigned to C1, C2 and 











H2-SH), respectively (Feng et al., 1997; 






 of mercaptopropyl 
group on catalyst Au/10MPTMS-SiO2-H2 were lower than those of as-synthesized and 
NaBH4 reduced catalyst, due to the partial decomposition of functional groups during 
H2 reduction (250 
o
C), verified the N2 adsorption/desorption results. 
The UV-vis spectroscopy was used to characterize the catalysts, with respect to the 
Au complexation status and cluster size. As can be seen in Figure 6.9, catalyst 
Au/10MPTMS-SiO2-BH4 showed similar adsorption spectrum with the as-synthesized 
sample Au/10MPTMS-SiO2-as, except that the lower energy adsorbance in the visible 
range enhanced after reduction. The UV-vis spectrum of catalyst Au/10MPTMS-SiO2-
H2 exhibited a weak adsorption peak at ca. 410 nm, which reminds us of the spectra of 
thiolate-passivated Au clusters (< 2 nm), which showed peaks in the range of 300 ~ 
450 nm (Negishi and Tsukuda, 2003). Thus, the enhanced UV-vis adsorption in the 
visible range of catalystsAu/10MPTMS-SiO2-BH4 may be also due to the formation of 
thiolate-stabilized Au clusters after reduction. The further enhancement of adsorption 
in the lower energy range on catalyst Au/10MPTMS-SiO2-H2 is probably due to the 
formation of bigger-sized Au clusters than that on catalyst Au/10MPTMS-SiO2-BH4 
(Shimizu et al., 2003), and/or weak interaction between Au clusters and thiol 
functional groups because of partial rupture of S-Au bonds under the H2 reduction. 
These features are completely different from that of the nanometer-sized gold particles, 
the UV-vis spectrum of which has a broad background rising continuously toward 
shorter wavelength and an obvious adsorption band at ca. 500 nm (surface Plasmon 
resonance band of Au NPs). The blue shift of the surface Plasmon resonance peaks 
(from 500 nm to 410 nm) on catalysts Au/10MPTMS-SiO2-BH4 and Au/10MPTMS-
SiO2-H2 is due to the strong interaction between thiol groups and Au clusters in 
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thiolate-passivated Au clusters. The different color observed on different catalysts (see 
Figure 6.9, inset) provided a direct evidence of the distinct status of Au species on 
different catalysts.  
 
Figure 6.9 UV-vis spectra of catalysts before and after reduction (a) Au/10MPTMS-







C CP MAS NMR spectra showed the presence of Au clusters (or 
Au NPs), mercaptopropyl groups and the strong interaction between them on catalysts 
Au/10MPTMS-SiO2-BH4 and Au/10MPTMS-SiO2-H2. However, the chemical 
combination status of Au and S species needs further clarification. XPS technique was 
utilized to study the Au and S species in the as-synthesized and reduced catalysts. As 
shown in Figure 6.10a, Au 4f peaks of sample Au/10MPTMS-SiO2-as exhibit the 4f7/2 
and 4f5/2 doublet with binding energy of 84.9 eV and 88.5 eV, respectively, 
corresponding to Au (I) in a gold thiolate complex (84.9 eV and 88.5 eV) (McNeillie et 
al., 1980), indicating that the Au species presented as [-Au
I
SR-]n polymer in sample 
Au/10MPTMS-SiO2-as. After H2 or NaBH4 reduction, the Au 4f binding energy was 
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determined to be ca. 84.5 eV and 88.3 eV (Figure 6.10b and c), which is slightly larger 
than that of bulk Au (84.0 and 88.0 eV) and similar to those of thiolate-passivated Au 
clusters (Au: SR clusters) at 84.4 eV (Johnson et al., 1997). It can be concluded that 
gold thiolate complexes [-Au
I
SR-]n were reduced to form thiolate-passivated Au 
clusters after NaBH4 or H2 reduction, consistent with UV-vis results. After high 
temperature calcination, Au 4f doublet with binding energy of 84.0 eV and 87.6 eV 
were observed on catalyst Au/10MPTMS-SiO2-cal (Figure 6.10d), which are typical 
values for metallic Au
0
 (84.0 eV and 88.0 eV), indicating that the Au species 
decomposed to metallic Au during high temperature calcination. The S 2p core level 
photoelectron spectra of catalysts reduced by different methods are displayed in Figure 
6.10e-h. The S 2p spectrum for sample Au/MPTMS-SiO2-as showed doublet peaks 
with binding energy (BE) of 163.8 eV and 165.1 eV (due to spin orbit splitting). The 
main peak at 163.8 eV was found at the expected position for the S 2p3/2 signal of the 
Au (I)-S thiolate complexes, confirming the breaking of S-H bond and formation of 
thiolate through S and Au (I) bonding during synthesis. Upon reduction, the S 2p 
signals were significantly shifted to lower bonding energy of ca. 163.1 eV on catalyst 
Au/10MPTMS-SiO2-BH4 and ca. 163.2 eV on catalyst Au/10MPTMS-SiO2-H2. For 
reference, the binding energy of S (2p3/2) on thiolate-passivated Au clusters ranges 
from 162.0 to 162.3 eV (Shon et al., 2000). Thus, this shift towards lower BE is due to 
the formation of thiolate-passivated Au clusters, however, the BE of S (2p3/2) on the 
catalysts prepared in this work, which is larger than the reference data, suggests the 
existence of some amount of Au (I)-S complexes during the reduction (Kaden et al., 
2009). No S 2p peaks were observed on the calcined catalyst because of the complete 
removal of functional groups during high temperature calcination. 




Figure 6.10 Au (4f) and S (2p) XPS spectra of catalysts (a, e) Au/10MPTMS-SiO2-as, 
(b, f) Au/10MPTMS-SiO2-BH4, (c, g) Au/10MPTMS-SiO2-H2 and (d, h) 
Au/10MPTMS-SiO2-cal. 
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6.2.4 The one-pot catalyst synthesis chemistry 
Sample Au/SiO2-cal was prepared using the same synthesis protocol as that of 
catalyst Au/10MPTMS-SiO2-cal except that no MPTMS was added. No gold species 
were detected in the final product. This reveals that mercaptopropyl (-CH2-CH2-CH2-
SH) groups play an essential role for the immobilization of gold precursor (AuCl4
-
). To 
uncover the interaction mechanism of gold species with thiol groups, we investigated 
the evolution of the gold species during each step of the preparation.  
Figure 6.11 shows the real-time UV-vis spectra of the synthesis mixtures in the 
absence and presence of MPTMS. The pure HAuCl4 solution (Figure 6.11o) with a 
yellow color exhibited two adsorption bands centered at ～220 nm and ～310 nm, 
which originated from the gold (III) chloride and partially hydrolyzed gold chloride 
(Au (OH)x Cl4-x
-
) (Moreau et al., 2005). Upon adding the AuCl4
-
 solution to the 
synthesis mixture, the evolutions of the UV-vis spectra of the solution are shown in 
Figure 6.11. Without introducing MPTMS, the concentration of AuCl4
-
 in the solution 
exhibited a slight decrease after 1 h reaction, which may be due to the adsorption of 
AuCl4
-
 on silicate species (Figure 6.11a and b). The yellow color of the mixture 
provided a direct evidence of the presence of AuCl4
-
. On the other hand, with the 
presence of MPTMS (TEOS/MPTMS = 9) in the synthesis mixture, no adsorption 
peaks due to Au (III) chloride or partially hydrolyzed Au  chloride (Au (OH)x Cl4-x
-
) 
were observed (Figure 6.11c - e) after adding the AuCl4
-
 solution. This indicated that 
an Au-thiol complex was immediately formed between Au species and functionality 
MPTMS. 




 Pure HAuCl4 solution
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Figure 6.11 Real-time UV–vis spectra of the synthesis mixtures for preparing samples 
Au/SiO2-cal and Au/10MPTMS-SiO2-cal. 
 
Based on the characterization data shown in above, the formation mechanism of Au 
catalysts reduced by different methods is proposed in Scheme 6.1. Upon mixing of the 
silica precursors, TEOS and MPTMS, with the surfactant solution and gold precursor 
(HAuCl4), mesoporous silica phase was formed and the complexation of AuCl4
-
 with 
thiol groups occurred immediately to form Au (I)-thiolate complexes. The formation of 
Au (I)-alkanethiolate between AuCl4
-
 and alkanethiols was through the well-known 
chemical reaction shown in the following Equation 1 (Brust et al., 1994; Schaaff et al., 
2001). In the case of this work, the reaction between AuCl4
-
 and MPTMS in the 
synthesis mixture can be deduced as shown in Equation 2.  
AuCl4
-
 + R-SH → (-AuISR-)n (polymer) 
R = alkane                                                          Equation 1 







SR2-Si (OR1)3-]n (polymer) 
R1=CH3-, R2= -CH2-CH2-CH2-                           Equation 2 
With the co-condensation of the silica precursors to form silica framework, 
mercaptopropyl groups in the silica framework strongly interacted with Au (I) (step I). 
After washing, the template was removed by two different routes, ethanol extraction 
(step II) and high-temperature calcination (step II’). After step II, the catalyst was 
reduced either by NaBH4 reduction in the water solution (step III) or by gas-solid H2 
reduction (step III’). Au(I)-SR- complexes treated by NaBH4 solution were reduced to 
form thiolate-passivated Au clusters, generated by the complexation of thiol groups 
with the surface Au atoms on Au cluster, as evidenced by UV-vis and XPS results. At 
the same time, under the relative high temperature (250 
o
C) H2 reduction, Au (I)-SR- 
complexes were also reduced to form Au clusters on mesoporous silica support and 
partial of functional groups were decomposed during the H2 reduction as verified by 
13
C CPMAS NMR results, leading to the decrease of thiol groups coordinated with Au 
clusters on catalyst Au/10MPTMS-SiO2-H2, further confirmed by UV-vis results. 
During the high temperature calcination process (route II’), the surfactant and 
functional groups were completely removed and Au (I) thiolate complexes were 
decomposed to form Au NPs. The removal of the functional groups (e.g., -R2-S, -R2-
SH) led to the formation of structure defects in the silica framework, which are the 
favorable standing sites for Au NPs.   
The main novelty of this work relies in the preparation method of gold catalyst in 
comparison to Zhu et al.’s (2005) work. In their work, SBA-15 was prepared in 
advance, followed by functionalization of these mesoporous silica support in an 
organic solution (toluene solution) containing functionality (MPTMS). A high 
temperature refluxing process was applied to immobilize functionality on the 
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mesoporous silica surface, followed by filtration and drying. After that, the gold 
precursor was mixed with the functionalized silica support, followed by reaction at 
353K for 5h to load Au NPs on the support. As a consequence, the functional groups 
remained on the final gold catalyst. However, in our method, the preparation procedure 
was much easier because a one-pot synthesis strategy was applied. All precursors were 
added in the reaction mixture at the initial stage. After the hydrothermal treatment and 
calcination, well-dispersed gold nanoparticle catalyst was obtained in the absence of 
functional groups. From the literature results and our own data, it was found that 
preserving the functional groups on the resultant catalysts would deteriorate its 
catalytic activity. Thus, being free of functional groups represents an advantage of our 
catalyst over that in Zhu’s work. 
Another important novelty of this work is the study on the formation mechanism of 
one-pot synthesis in the presence of functionality which has never been touched in the 
literature. Upon mixing of the silica precursors with the surfactant solution and gold 
precursor (HAuCl4), the complexation of AuCl4
-
 with thiol groups occurred 
immediately to form Au (I)-thiolate complexes. With the co-condensation of the silica 
precursors to form silica framework, mercaptopropyl groups in the silica framework 
strongly interacted with Au (I) and presented as Au (I)-thiolate complexes. These 
complexes were decomposed after high temperature calcination and gold NPs were 
formed. 




Scheme 6.1 Formation procedure of catalysts prepared by different reduction methods. 
 
6.3 Catalytic performance  
During the selective oxidation of cyclohexane, cyclohexane (I) is first oxidized to 
cyclohexyl hydroperoxide (II CyOOH) which is an intermediate in this reaction, and 
then decomposes to cyclohexanol (III) and cyclohexanone (IV) which are also known 
as K/A oil. The further oxidation of cyclohexanone and cyclohexanol is easy to occur 
and result in the formation of acid byproducts. In the industry, this process is catalyzed 
by a soluble transition metal salt such as Mn or Co naphthenates, giving a 4% 
conversion of cyclohexane with a 80% selectivity for cyclohexanol and cyclohexanone 
(IV:III ratio was about 1:2). 
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6.3.1 Effect of MPTMS/TEOS ratio 
The catalytic performance of catalysts Au/xMPTMS-SiO2-cal was evaluated in the 
selective oxidation of cyclohexane with molecular oxygen and the results are shown in 
Table 6.6. Under the same reaction conditions, pure SBA-15 or functionalized SBA-15 
(MPTMS-SBA-15) exhibited no conversion of cyclohexane (data shown in Chapter 4), 
confirming that the catalysis is intimately involved with the gold. In Table 6.6, it was 
found that with the increase of x, the conversion of cyclohexane increased up to 21.5% 
on catalyst Au/10MPTMS-cal and then decreased to 12.2% on catalyst 
Au/2.5MPTMS-SiO2-cal. It is noteworthy that the turnover frequencies (TOF) were 
remarkably high on catalysts Au/10MPTMS-SiO2-cal, Au/5MPTMS-SiO2-cal and 
Au/2.5MPTMS-SiO2-cal (23000 ± 1000 h
-1
), significantly higher than the previous 
reported results (1907 h
-1
) (Zhu et al., 2005). Catalyst Au/20MPTMS-SiO2-cal 
exhibited a relatively lower TOF (16700 h
-1
). With the increase of cyclohexane 
conversion, the K/A oil selectivity slightly decreased from 94% to 90%, which may be 
due to the enhanced further oxidation of K/A oil with the increase of its concentration. 
It is interesting to note that the ratio of cyclohexanone to cyclohexanol on this catalyst 
system was nearly 2:1, opposite to the industrial results (cyclohexanone to 
cyclohexanol ratio was about 1:2). The high ketone selectivity is due to the high 
catalytic activity of Au NPs for the cyclohexanol oxidation, which demonstrates an 
attractive potential for the application of this catalyst for some important alcohol 
oxidation reactions (Abad et al., 2006; Zheng and Stucky, 2007). 
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  Cyclohexane 
conversion (mol.%) 





 Cyclohexanol cyclohexanone By-products
 c
 
Au/20MPTMS-SiO2-cal 16.9 36.3 57.1 6.5 16700 
Au/10MPTMS-SiO2-cal (1st use) 21.5 34.4 56.0 9.6 23368 
Au/5MPTMS-SiO2-cal 15.8 34.8 58.3 6.9 24010 
Au/2.5MPTMS-SiO2-cal 12.2 35.2 59.3 5.5 24224 
Au/10MPTMS-SiO2-cal (2nd use) 20.6 40.3 51.2 8.5 - 
Au/10MPTMS-SiO2-cal (3rd use) 22.1 39.9 52.1 8.0 - 
Au/10MPTMS-SiO2-cal (5th use) 19.3 42.9 51.0 6.1 - 
Au/10MPTMS-SiO2-cal (6th use) 20.6 42.5 50.0 7.5 - 
a
: Reaction conditions: 20ml cyclohexane, 50mg catalyst, 150 
o
C, 1MPa, 1h; 
b
: Au loading was shown in Table 6.3. 
c
: byproducts are mainly ring-opened acids such as n-butric, n-valeric, succinic, glutaric and adipic acid. 
d
: Moles of K/A oil produced on per mole of surface Au per hour.  
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Recycling test with repeated use of catalyst Au/10MPTMS-SiO2-cal in six 
consecutive reactions was carried out. The catalyst was removed from the reaction 
system by filtration after 1h reaction and washed thoroughly by ethanol, followed by 
drying at 80 
o
C overnight and then subjected to the next cycle. The recycling results 
shown in Table 6.6 indicated that catalyst Au/10MPTMS-SiO2-cal recycled for 6 times 
exhibited no obvious activity losing, demonstrating the good stability of this catalyst. 
TEM images and Au particle size distribution histograms of used catalyst 
Au/10MPTMS-SiO2-cal are shown in Figure 6.12. The slight aggregation of Au 
nanoparticles from 2-4 to 2-6 nm occurred during the first two reaction cycles due to 
the aggregation of small Au NPs on the surface of the silica support, after that no 
further sintering occurred, verified the good stability of this Au catalyst.  




Figure 6.12 TEM images and Au particle size distributions of catalyst Au/10MPTMS-
SiO2-cal after two-cycle reaction (a), four-cycle reaction (b), and six-cycle reaction (c). 
 
After correlating the catalytic performance with the catalyst structure properties, it 
was found that Au NPs (Au
0
) are the active sites for the cyclohexane oxidation. 
Catalyst Au/20MPTMS-SiO2-cal (1.0 wt.%) and Au/10MPTMS-SiO2-cal (0.95 wt.%) 
with similar amount of Au loading and Au dispersions (41.5% ~ 42.9%) exhibited 
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distinctive catalytic performance. The low catalytic activity of catalyst Au/20MPTMS-
SiO2-cal may be due to partial encapsulation of gold nanoparticles in the silica matrix 
and these encapsulated Au NPs provided no contribution to the catalytic activity, based 
on the fact that catalyst Au/20MPTMS-SiO2-cal exhibited a disrupted pore structure. 
The well-developed mesoporous structure in catalyst Au/10MPTMS-SiO2-cal would 
enhance the accessibility of reactants to the active sites, correspondingly resulting in 
higher cyclohexane conversion and TOF number. Catalysts Au/5MPTMS-SiO2-cal 
(0.82 wt.%) and Au/2.5MPTMS-SiO2-cal (0.85 wt.%) with lower amount of Au 
loading and lower Au dispersions (24.6% ~ 34.0%) exhibited lower cyclohexane 
conversion than that of catalyst Au/10MPTMS-SiO2-cal. However, similar TOF were 
obtained, indicating the similar catalytic activity on single surface Au atom. Thus, the 
lower catalytic activity of catalysts Au/5MPTMS-SiO2-cal and Au/2.5MPTMS-SiO2-
cal should be mainly attributed to the low Au loading or low Au dispersions.  
Catalyst Au/10MPTMS-SiO2-cal with higher Au loading and smaller-sized Au 
particles has more surface Au atoms, which are favorable for the adsorption and 
activation of oxygen molecules during the oxidation reaction, leading to higher 
cyclohexane conversion. Thus, the catalytic performance of catalysts Au/xMPTMS-
SiO2-cal was dependent on the porous structure, the amount of Au loading and the Au 
particle size which were determined by the amount of MPTMS introduced in the one-
pot process. Catalyst Au/10MPTMS-SiO2-cal demonstrated a good stability for 
selective oxidation of cyclohexane, which was attributed to the protection effect of 
silica wall, preventing the sintering of Au NPs during high temperature calcination and 
reaction.  
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6.3.2 Effect of reduction method 
The catalytic performance of the Au catalysts prepared by different reduction 
methods is also shown in Table 6.7. It was observed that catalyst Au/10MPTMS-SiO2-
cal exhibited higher cyclohexane conversion (27.4%) after two hour reaction than the 
other two catalysts reduced by NaBH4 or H2. Catalyst Au/10MPTMS-SiO2-BH4 
exhibited the lowest cyclohexane conversion of 2.7% and catalyst Au/10MPTMS-
SiO2-H2 provided a cyclohexane conversion of 15.8% after two hour of reaction. And 
distinct products distributions were observed on different catalysts. The ratio of 
cyclohexanol to cyclohexanone obtained on catalyst Au/10MPTMS-SiO2-cal was 
about 1:2, while an inverse ratio of ca. 2:1 was obtained on catalyst Au/10MPTMS-
SiO2-BH4. It is worth to note that the catalytic activity (TOF) is remarkably high on 
catalyst Au/10MPTMS-SiO2-cal (23368 h
-1
) comparing with the other two catalysts. 





) indicated a low catalytic activity of Au NPs for 
selective oxidation of cyclohexane. 
The lower cyclohexane conversion on catalyst Au/10MPTMS-SiO2-BH4 (0.67 wt.%) 
and Au/10MPTMS-SiO2-H2 (0.81 wt.%) may be due to the lower Au loading than that 
on catalyst Au/10MPTMS-SiO2-cal (0.95 wt.%). However, the lower TOF numbers on 
catalysts Au/10MPTMS-SiO2-BH4 and Au/10MPTMS-SiO2-H2 indicate a lower 
catalytic activity of Au NPs which is probably due to the partial coordination of active 
Au sites with capping agent, which hampered the accessibility of the active Au sites to 
reactants (A. Quintanilla, 2010).  
This conclusion is verified by the characterization results discussed in Section 6.2.3, 
which showed the presence of strong interaction between Au clusters (or Au NPs) and 
mercaptopropyl groups on catalysts Au/10PTMS-SiO2-BH4 and Au/10MPTMS-SiO2-
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H2. That is, partial of surface Au atoms may coordinate with thiol groups to form 
thiolate-passivated Au clusters (or Au NPs) and blocked the active Au sites on these 
Au catalysts. The relatively higher activity of catalyst Au/10MPTMS-SiO2-H2 than 
that of catalyst Au/10MPTMS-SiO2-BH4 is due to the partial decomposition of Au 
thiolate complexes during high temperature reduction verified by UV-Vis and NMR 
results, leading to the increasing amount of surface Au atoms. While on catalyst 
Au/10MPTMS-SiO2-cal the functional groups were completely removed and more 
surface Au atoms are presented as active sites, which is favorable for the adsorption 
and activation of oxygen molecules during the oxidation reaction.  
Thus, it can be concluded that surface Au
0
 positions are the active sites for the 
cyclohexane oxidation and preserving the functional groups on the resultant catalysts 
poison the catalytic activity. It should be pointed out that all the catalysts exhibited a 
very high K/A oil selectivity (>90%). The relative lower selectivity on catalyst 
Au/10MPTMS-SiO2-cal should be attributed to the higher concentration of K/A oil, 
correspondingly higher reaction rate of deep oxidation reaction.  
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0.2 wt.%Au/MPTMS-SiO2-cal 16.7 33.4 58.7 7.9 69091 
0.4 wt.% Au/MPTMS-SiO2-cal 29.7 31.5 58.6 9.9 59951 
0.95 wt.%Au/MPTMS-SiO2-cal 27.4 32.9 57.3 9.8 23368 
1.2 wt.% Au/MPTMS-SiO2-cal 28.3 33.8 57.5 8.7 23605 
1.6 wt.% Au/MPTMS-SiO2-cal 16.4 39.2 55.3 5.5 24739 
Au/10MPTMS-SiO2-H2 15.8 53.0 43.9 3.1 12181 
Au/10MPTMS-SiO2-BH4 2.7 62.2 37.7 0.1 2592 
a
: Reaction conditions: 20ml cyclohexane, 50mg catalyst, 150 
o
C, 1MPa, 2h; 
b
: Au loading was measured by ICP-MS;  
c
: By-products are mainly ring-opened acids such as n-butric, succinic, glutaric and adipic acid;  
d
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6.3.3 Gold loading 
The catalytic performance of catalysts with different Au loadings was investigated 
on selective oxidation of cyclohexane with molecular oxygen. The conversion, 
selectivity, turnover frequency numbers (TOF) and products distribution are 
summarized in Table 6.7. As can be seen in Table 6.7, catalysts 0.4 wt.%Au/MPTMS-
SiO2-cal, 0.95 wt.%Au/MPTMS-SiO2-cal and 1.2 wt.%Au/MPTMS-SiO2-cal exhibited 
similar cyclohexane conversion of 29.7%, 27.4% and 28.3%, respectively, with a 
similar K/A oil selectivity (>90%). However, catalyst 1.6 wt.%Au/MPTMS-SiO2-cal 
with an Au loading of 1.6 wt.% exhibited the lowest cyclohexane conversion (16.4%). 
The measured reaction rates are reported as turnover frequencies (TOF) and are 
measured in units of mole of product K/A oil produced per mole of surface gold per 
hour. In this study, the TOF numbers decreased with the increase of Au loading. 
Catalyst 0.2 wt.%Au/MPTMS-SiO2-cal showed the highest TOF number (69091 h
-1
) 
because of low Au loading, while catalyst 0.4 wt.%Au/MPTMS-SiO2-cal showed the 
best results with respect to high cyclohexane conversion (29.7%) and high TOF 
number (59951 h
-1
) in a 2h reaction. Catalysts 0.95 wt.%Au/MPTMS-SiO2-cal, 1.2 
wt.% Au/MPTMS-SiO2-cal and 1.6 wt.% Au/MPTMS-SiO2-cal exhibited similar TOF 
number (24000±1000 h-1). 
It is interesting to find that the high Au loading does not lead to high catalytic 
activity for cyclohexane oxidation and this phenomenon can be explained by the 
characterization results. The Au NPs size distribution histograms of catalysts 
xAu/MPTMS-SiO2-cal are shown in Figure 6.7. It was observed that the size 
distribution of Au NPs shifted to larger ones with the increase of Au loading from 0.4 
wt.% to 1.6 wt.%, indicating the agglomeration of Au NPs with the increase of Au 
loading. This agglomeration results in the decrease of surface Au atoms which are 
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active sites for the activation of reactant O2 atoms. This exactly explains that catalysts 
0.95 wt.%Au/MPTMS-SiO2-cal, 1.2 wt.% Au/MPTMS-SiO2-cal and 1.6 
wt.%Au/MPTMS-SiO2-cal with higher Au loading exhibit lower catalytic activity 
(TOF number) than that of catalyst 0.4 wt.%Au/MPTMS-SiO2-cal. Therefore, on 
catalysts yAu/MPTMS-SiO2-cal, the most significant factor for the catalytic activity of 
cyclohexane oxidation is not the amount of Au loaded, but the size of Au NPs, 
corresponding to the amount of surface Au atoms. 
6.3.4 Optimization of reaction conditions 
As catalyst 0.4 wt.%Au/MPTMS-SiO2-cal exhibited the best catalytic performance 
with respect to the high cyclohexane conversion and high catalytic reaction rate (TOF 
number), it was employed to investigate the effect of reaction conditions on the 
catalytic performance of gold catalysts.  
The reactions over catalyst 0.4 wt.%Au/MPTMS-SiO2-cal under different 
temperatures were conducted and the reaction results are shown in Figure 6.13. The 
temperature study began from 130 
o
C and the cyclohexane conversion increased with 
the increase of reaction temperature. At 140 
o
C, a cyclohexane conversion of 17.5% 
with a K/A oil selectivity of 95.0% was obtained after two hour reaction. A further 
increase of reaction temperature led to higher cyclohexane conversion (29.7%) at 150 
o
C with a K/A oil selectivity of 90.1% and a cyclohexane conversion of 33.3% at 160 
o
C but dramatically decrease of K/A oil selectivity to 77%.  
Figure 6.14 shows the changes of TOF number with reaction temperature (a) and 
Arrhenius plot (b) for cyclohexane oxidation on catalyst 0.4 wt.%Au/MPTMS-SiO2-
cal. As can be seen, the catalytic activity increased with the increase of reaction 
temperature, indicating that the activation of reactants closely related to the reaction 
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temperature. In a 2h reaction, acceptable results were obtained at both 140 
o
C and 150 
o
C.  






















































Figure 6.13 Cyclohexane oxidation over catalyst 0.4 wt.%Au/MPTMS-SiO2-cal under 
different reaction temperature. Conditions: 20ml cyclohexane, 50mg catalyst, 1MPa, 
2h. 
In order to further optimize the reaction conditions, the kinetic studies on catalyst 
0.4 wt.%Au/MPTMS-SiO2-cal at both 140 
o
C and 150 
o
C were conducted and the 
results are shown in Figure 6.16. As can be seen in Figure 6.15a, the initiation of 
cyclohexane was very slow at 140 
o
C, less than 5% of cyclohexane conversion was 
obtained after 1 h of reaction. A remarkable increase of cyclohexane conversion 
occurred in the following two hours, and then the conversion increased slowly with 
prolonging the reaction time. It was also observed that the distribution of products 
exhibited a significant change with the reaction time. Cyclohexanol and cyclohexanone 
with a molar ratio of ca. 3:2 were observed as the main products at the initial reaction 
stage. When prolonging the reaction time, the selectivity of cyclohexanone increased 
significantly along with a decrease in that of cyclohexanol, and the ratio of 
cyclohexanol to cyclohexanone decreased to 1:3 after two hour of reaction. After that, 
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the selectivity of by-products exhibited a distinct increase at the expense of the 
selectivity of K/A oil in the following hours reaction.  












































Figure 6.14 Cyclohexane oxidation activities on catalyst 0.4 wt.%Au/MPTMS-SiO2-
cal: (a) change of activity with temperature and (b) Arrhenius plots for cyclohexane 
oxidation. 
The reaction results in Figure 6.15b shows that the initial reaction rate of 
cyclohexane was very fast at 150 
o
C, since the first half an hour of reaction already 
afforded a cyclohexane conversion of 18% with a >99% selectivity to the K/A oil. The 
same further deep oxidation of K/A oil to by-products was also observed during the 
Chapter 6. Gold NPs Supported on Thiol-Functionalized Mesoporous Silica  
 
153  
reaction at 150 
o
C. However, under different reaction temperature, a different 
evolution trend about the ratio of cyclohexanol to cyclohexanone was observed with 
prolonging the reaction time. The obvious decrease of cyclohexanol selectivity in the 
second hour reaction and the decrease of total K/A oil selectivity after second hour 
reaction were observed in the reaction at 140 
o
C. This observation suggests that the 
reaction rate of further oxidation of useful products is much higher than that of 
activation of cyclohexane at this temperature.  
In summary, the two hour oxidation reaction at 140 
o
C resulted in a cyclohexane 
conversion of 17.3% with a K/A oil selectivity of 94.8%, while one hour reaction at 
150 
o
C led to a cyclohexane conversion of 27% with a K/A oil selectivity of 95.6%. 
Thus, with a general consideration of catalytic performance and operating cost, the 
optimized reaction conditions are determined to be at 150 
o
C for about 1 h on catalyst 
0.4 wt.%Au/MPTMS-SiO2-cal.  
The reaction results under different stirring rate are shown in Figure 6.16. As can be 
seen, the cyclohexane conversion of ca. 21-24% with a K/A oil selectivity of 93% was 
obtained in the reactions where the stirring rate was in the range of 80-150 rpm. A 
higher catalytic performance of cyclohexane conversion (27%) was observed in the 
reaction under stirring rate of 300 rpm, and a relative higher K/A oil selectivity (95%) 
was observed under this reaction condition. When the stirring rate increased from 300 
rpm to 400 rpm, the cyclohexane conversion decreased dramatically to 18% and kept 
constant with further increase of stirring rate to 500 rpm. It can be concluded that the 
optimum stirring rate is 300 rpm with respect to achieving high cyclohexane 
conversion and K/A oil selectivity. 
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Figure 6.15 Cyclohexane oxidation over catalyst 0.4 wt.%Au/MPTMS-SiO2-cal with 
different reaction time at 140 
o
C (a) and 150 
o
C (b). Conditions: 20ml cyclohexane, 
50mg catalyst, 1MPa. 
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Figure 6.16 Cyclohexane oxidation over catalyst 0.4 wt.%Au/MPTMS-SiO2-cal under 
different stirring rate. Conditions: 20ml cyclohexane, 50mg catalyst, 150
o
C, 1MPa, 1h. 
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Figure 6.17 Cyclohexane oxidation over catalyst 0.4 wt.%Au/MPTMS-SiO2-cal under 
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Figure 6.17 illustrates the effect of pressure on the catalytic performance of catalyst 
0.4 wt.%Au/MPTMS-SiO2-cal. The reaction pressure was controlled by the pressure of 
O2. It can be seen that the cyclohexane conversion increased from 11.6% to 27% with 
the increase of pressure from 80 psi to 150 psi with a similar K/A oil selectivity 
(>95%). Further increase of O2 pressure to 180 psi and 240 psi led to no obvious 
difference on cyclohexane conversion (~27%), but dramatically decreases of K/A oil 
selectivity to 90%. Thus, one can be concluded that the optimum reaction pressure is 
150 psi.  
The kinetic studies on catalyst 0.4 wt.%Au/MPTMS-SiO2-cal at 140 
o
C and 150 
o
C 
were carried out and the observations strongly suggest that further oxidation of K/A oil 
to by-products are the dominating reactions after first one or two hour reaction. In this 
process, the formation of by-products is inevitable with the increase of reaction 
temperature and/or reaction time (Hereijgers and Weckhuysen, 2010). Thus, 
enhancement of initiation reaction rate to obtain high cyclohexane conversion is a 
good choice for improving the catalysis system (Xu et al., 2005). Cyclohexane 
oxidation conducted at 150 
o
C on catalyst 0.4 wt.%Au/MPTMS-SiO2-cal (Figure 
6.16b) exactly provides a very fast initial reaction rate, since one hour reaction already 
led to a cyclohexane conversion of 27% with a K/A oil selectivity of 95.6%. A 
continuous reactor system may be applicable for our catalyst system. The relationship 
between stirring rate and catalytic performance on catalyst 0.4 wt.%Au/MPTMS-SiO2-
cal was studied.  It is found that higher catalytic activity is obtained with a stirring rate 
of less than 300 rpm, while higher stirring rate (400 rpm or 500 rpm) led to lower 
catalytic activity. The lower K/A oil selectivity under lower stirring rate is due to the 
deep oxidation of K/A oil to by-products because of slow transfer rate of K/A oil from 
the catalyst surface. The reaction results in the lower pressure range of 80-150 psi 
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suggest that higher reaction pressure leads to higher catalytic activity which is 
attributed to the increasing amount of adsorbed O2 on the catalyst surface with the 
increasing of O2 pressure. However, the catalytic activity increased to the highest value 
at the pressure of 150 psi, and further increase of O2 pressure led to no obvious 
increase of cyclohexane conversion but dramatically increase of deep oxidation of K/A 
oil to by-products. This result suggests the saturated adsorption of O2 on the catalyst 
may achieve under the pressure of 150 psi. This may also suggest that only oxygen is 
adsorbed on the Au active sites or oxygen and cyclohexane adsorbed on two different 
active sites under the present reaction condition, because no competitive adsorption 
was observed between oxygen and cyclohexane with increasing of oxygen 
concentration. 
In summary, with respect to achieving high cyclohexane conversion and K/A oil 
selectivity, the optimized reaction conditions should be reacted at 150 
o
C for 1h under 
the pressure of 150 psi with a stirring rate of 300 rpm. To our knowledge, the Au NP 
catalyst prepared in this work is the first reported catalyst system which provides a 
cyclohexane conversion as high as 18% in half an hour reaction with K/A oil 
selectivity >99%. In most of the literature results, the same catalytic activity could be 
obtained through 2-6 h of reaction under the similar amount of catalyst introduced and 
similar reaction conditions (Lu et al., 2004; Zhao et al., 2004; Lu et al., 2005; Xu et al., 
2007) but a lower K/A oil selectivity (~90%) was obtained. It can be concluded that 
the Au catalyst prepared in this work exhibited an excellent catalytic activity to 
cyclohexane oxidation.  
6.4 Possible reaction mechanism of the cyclohexane oxidation on Au 
NPs catalyst  
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The control experiment have been done using pure SBA-15 material and catalyst 0.4 
wt.%Au/MPTMS-SiO2-cal (shown in Figure 6.18). It was found that pure SBA-15 
exhibited no catalytic activity in the first 2h of reaction while the autoxidation occurred 
after 2h, cyclohexane conversions of about 5% and 8% were observed after 3h and 4 
hour of reaction, respectively. A significant catalytic activity was observed on catalyst 
0.4 wt.%Au/MPTMS-SiO2-cal, namely a cyclohexane conversion of 27% after 1
st
 hour 
reaction. In a direct observation, the pressure started to decrease after 20 min and about 
40 psi pressure decrease was observed after 1h of reaction on gold catalyst. However, 
in the absence of catalyst, no pressure decrease was observed in the first hour of 
reaction and about 3psi decrease after 2h of reaction. The increase of cyclohexane 
conversion in the following hours was similar to the trend on pure SBA-15, indicating 
that the reaction may follow the autoxidation mechanism.  
The reaction in the presence of a radical scavenger (Butylated hydroxytoluene BHT, 
30wt.% of reactant) was carried out to confirm the radical chain mechanism. During 
the reaction 20 mL of cyclohexane and 50 mg of solid catalyst were added into the 
reactor. After purging with O2, the reactor was heated to 150 °C and the O2 pressure 
was adjusted to 1 MPa. During the oxidation process, the O2 pressure was kept 
between 0.8-1 MPa with a stirring rate of 300 rpm.  After 2 h of reaction, the reactor 
was cooled down to 30 ºC and the mixture was dissolved by ethanol. An excessive 
amount of triphenylphosphine was added to the reaction mixture to completely reduce 
cyclohexyl hydroperoxide (CHHP). It was observed that no pressure decrease after 2h 
of reaction, indicating the reaction indeed follows a radical chain autoxidation 
mechanism. The role of Au in the catalytic reaction is probably in catalytic 
decomposition of cyclohexyl hydroperoxide (Chen, 2004) which should be further 
confirmed in future work. 
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1) Fine gold nanoparticles (2-4 nm) dispersed on mesoporous silica were prepared 
using a one-pot synthesis method with the assistance of  MPTMS as a bifunctional 
ligand, which was found to not only complex gold precursor via thiol functional 
groups but also covalently bond to the silica matrix.  
2) The amount of MPTMS introduced was observed to directly related to the 
microstructure, the amount of Au loaded and the Au particle size of the resultant 
catalysts. The formation of Au (I)-thiolate complexes in the synthesis mixture 
played a crucial role in the dispersion of Au nanoparticles.  
3) The catalytic properties were closely related to the amount of surface Au atoms. 
Partial preserving of functional groups poisons the catalytic activity through the 
coordination of active sites with thiol groups. 
4) The optimized catalyst composite was 0.4 wt.%Au/10MPTMS-SiO2-cal. The 
optimum reaction conditions over catalyst 0.4 wt.%Au/10MPTMS-SiO2-cal was 
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determined as 150 
o
C for 1 h under the pressure of 150 psi with a stirring rate of 
300 rpm.  
5) The reaction mechanism followed a free radical autoxidation mechanism. 
 Chapter 7. Alloy NPs Supported on Thiol-Functionalized Mesoporous Silica 
161  
CHAPTER 7 
ALLOY NANOPARTICLES SUPPORTED ON THIOL-
FUNCTIONALIZED MESOPOROUS SILICA AS 
CATALYSTS FOR SELECTIVE OXIDATION OF 
CYCLOHEXANE 
7.1 Introduction 
Metallic nanoparticles have recently received much attention as catalysts. In 
particular, noble metals such as Au, Pt, Ru, Pd, and Rh have been shown to be 
excellent catalysts in automotive-emission control systems, chemical industries and 
fuel cell devices (Deng et al., 2010; Jeon et al., 2010; Sun et al., 2010; Song et al., 
2005; Su et al., 2007; Schrinner et al., 2008). A central problem of the usage of 
nanoparticles as catalysts is their stabilization against coagulation as well as their 
handling. Usually, nanoparticles are stabilized by alkyl chains attached through thiol 
bonds to the surface of the metal (Brust et al., 1995; Brust et al., 1998). However, the 
strong interaction of the thiol group with the surface of the nanoparticles may alter the 
catalytic properties of the metal profoundly.  
It was reported that nanometer-scale alloy particles composed of gold and platinum 
metals may exhibit improved catalytic activities as compared to the pure Au 
nanoparticles (Keresszegi et al., 2004; Mallat and Baiker, 2004; Astruc et al., 2005). 
Recent theoretical work suggests that the catalytic properties of Au–Pt-NPs are 
superior to those containing Pt or Au alone (Bond, 2008). Hence, Au–Pt NPs should be 
highly suitable for oxidation reactions under mild conditions. 
In our previous work, a facile preparation method was developed to synthesize the 
mesoporous silica supported Au nanoparticles catalyst with MPTMS as functional 
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ligands and these functionalities were completely removed from the resultant catalyst. 
In order to explore the comprehensive application of MPTMS to anchor the other 
noble metals (such as Ru, Pt), mesoporous silica supported Ru, Pt, Au-Pt and Au-Ru 
alloy nanoparticles catalysts were prepared. And the catalytic performance for 
cyclohexane oxidation was evaluated. 
7.2 Catalyst characterization  
7.2.1 Supported Ru and Au-Ru catalysts 
The XRD patterns of Ru, Au and Au-Ru bimetallic catalysts are shown in Figure 7.1. 
Four peaks at 38.18, 44.43, 64.55 and 77.75
o
 are seen on catalyst Au/MPTMS-SiO2-cal, 
which are the characteristic peaks of the (1 1 1), (2 0 0), (2 2 0) and (3 1 1) reflections 
of cubic Au nanoparticles (JCPDS card no.: 4-784). The peaks at 42.2° and 44.0° seen 
on catalysts Ru/MPTMS-SiO2-cal can be respectively assigned to (002) and (101) 
diffraction planes of hexagonal Ru metal (JCPDS-ICDD card No. 06-0663). Very 
weak or even no diffractions were detected which is due to very small metal particles 
and/or a low concentration of metal on the catalyst. On catalyst Au-Ru/MPTMS-SiO2-
cal, four peaks at 38.1, 44.49, 64.49 and 77.64
o
 were observed and no Ru peaks was 
observed which may be due to the formation of Au-Ru alloy on this catalyst or low Ru 
loading. This needs to be further clarified.   
The N2 adsorption–desorption isotherms and pore size distributions of the Au, Ru 
and Au-Ru catalysts are shown in Figure 7.2. The structural properties are listed in 
Table 7.1. All catalysts exhibited the characteristic type IV isotherms with a hysteresis 
loop due to capillary condensation of nitrogen in the mesopores. The shape of 
hysteresis loop deviated from the H-1 loop because the presence of MPTMS may 
disturb the formation and self-assembly of surfactant aggregates, leading to the 
distortion of the ordered pore structure. The BJH pore-size distribution (PSD) values 
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were about 5.5 nm. The surface area of catalysts prepared in this work was larger than 
that of the pure SBA-15, consistent with the previous reported results, which maybe 
attributed to the formation of void defects in the pore wall after removing organic 
groups. As seen in Table 7.1, a slight decrease of specific surface area and pore 
volume was observed on catalysts Ru/MPTMS-SiO2-cal and Au-Ru/MPTMS-SiO2-cal 
than that of catalyst Au/MPTMS-SiO2-cal, while the pore diameters were all in the 
same range on these three catalysts. The slight decrease may be due to the salt effect 
after introducing high concentration of metal precursors.  
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Figure 7.1 XRD patterns of catalysts (a) Au/MPTMS-SiO2-cal, (b) Au-Ru/MPTMS-
SiO2-cal and (c) Ru/MPTMS-SiO2-cal. 
 
















Au/MPTMS-SiO2-cal 966 0.87 5.5 
Ru/MPTMS-SiO2-cal 874 0.8 5.6 
Pt/MPTMS-SiO2-cal 1018 0.91 4.9 
Au-Ru/MPTMS-SiO2-cal 861 0.79 5.6 
Au-Pt/MPTMS-SiO2-cal 867 0.75 4.9 
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Figure 7.2 N2 adsorption/desorption isotherms and pore size distributions of catalysts 
(a) Au/MPTMS-SiO2-cal, (b) Au-Ru/MPTMS-SiO2-cal and (c) Ru/MPTMS-SiO2-cal. 
 
UV-vis spectra were applied to justify the presence of Au-Ru alloy on the resultant 
catalysts. Figure 7.3 shows the UV-vis spectra of catalysts Au/MPTMS-SiO2-cal, Au-
Ru/MPTMS-SiO2-cal and Ru/MPTMS-SiO2-cal. It was clearly seen that the UV-vis 
spectrum of catalyst Au-Ru/MPTMS-SiO2-cal was a combination of pure Ru spectrum 
with Au spectrum, indicating that no Au-Ru alloy was formed during the one-pot 
synthesis. 
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Figure 7.3 UV-vis spectra of catalysts (a) Au/MPTMS-SiO2-cal, (b) Au-Ru/MPTMS-
SiO2-cal and (c) Ru/MPTMS-SiO2-cal. 
 
TEM images shown in Figure 7.4 justified the above conclusion. Aligned crystal 
lattices with an average spacing of about 0.21 nm, corresponding to the (1 01 ) plane of 
Ru (Su et al., 2007), were observed on both catalysts, indicating that no Au-Ru alloy 
was formed on catalyst Au-Ru/MPTMS-SiO2-cal. However, the nanoparticle size 
exhibited a slight different on these two catalysts. As seen from Figure 7.4a and b, the 
Ru size was in the range of 2-6 nm and the most probable distribution of Ru particle 
size was in the range of 3-5 nm on catalyst Ru/MPTMS-SiO2-cal. Upon introducing 
Au on catalyst Au-Ru/MPTMS-SiO2-cal, the metal size decreased to 2-5 nm and the 
most probable distribution of metal particle size was in the range of 3-4 nm. This 
vibration may be due to the presence of interaction between Au and Ru species, 
leading to the further dispersion of metal nanoparticles, even though no metal alloy 
was formed.  
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Figure 7.4 TEM images and Au nanoparticle distribution histograms of catalysts (a) 
Ru/MPTMS-SiO2-cal and (b) Au-Ru/MPTMS-SiO2-cal. 
 
Figure 7.5 displays the C 1s + Ru 3d core level XPS pattern. The peak located at 
284.5 eV arouse from C 1s background. The peak centered at 286.0 eV is indicative of 
Ru (0) in the catalysts Au-Ru/MPTMS-SiO2-cal. The binding energy of Ru (0) on 
catalyst Ru/MPTMS-SiO2-cal shifted to lower value may be due to the other 
chemically different Ru entity (Sun et al., 2010).  










































  Ru 0.2145 nm 
(b) 
  Ru 0.2145 nm 
(002) 
 Chapter 7. Alloy NPs Supported on Thiol-Functionalized Mesoporous Silica 
167  
































Figure 7.5 Ru 3d XPS spectra of catalysts (a) Ru/MPTMS-SiO2-cal and (b) Au-
Ru/MPTMS-SiO2-cal. 
 
7.2.2 Supported Pt and Au-Pt catalysts 
Figure 7.6 shows the XRD patterns of catalysts Au/MPTMS-SiO2-cal, Au-
Pt/MPTMS-SiO2-cal and Pt/MPTMS-SiO2-cal. The four peaks on catalyst 
Au/MPTMS-SiO2-cal (curve a) reflected the presence of cubic Au nanoparticles. The 
XRD pattern of catalyst Pt/MPTMS-SiO2-cal in curve c displays the peaks at 39.8°, 
46.3° and 67.8°, which are indexed to the (1 1 1), (2 0 0) and (2 2 0) facets of face 
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centered cubic (fcc) Pt, respectively. On catalyst Au-Pt/MPTMS-SiO2-cal (curve b), 
three peaks at 39.5, 46.0 and 67.4 were observed in the middle position of single 
crystal Au and Pt, implying the presence of a single phase containing Au and Pt (Au-Pt 
alloy) on this catalyst. Compared with the Au/MPTMS-SiO2-cal catalyst, the slight 
shifts of peak positions to the higher angle is because of the incorporation of Pt atoms 
into Au lattices, which leads to the decrease in the lattice constant (Luo et al., 2005). 
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Figure 7.6 XRD patterns of catalysts (a) Au/MPTMS-SiO2-cal, (b) Au-Pt/MPTMS-
SiO2-cal and (c) Pt/MPTMS-SiO2-cal. 
 
The N2 adsorption–desorption isotherms and pore size distributions of the Au, Pt and 
Au-Pt catalysts are shown in Figure 7.7. The structural properties are also listed in 
Table 7.1. The highest specific surface area and pore volume obtained on catalyst 








, respectively. While on 
catalyst Au-Pt/MPTMS-SiO2-cal, a slight decrease of specific surface area and pore 
volume occurred due to the salt effect. The BJH pore-size shifted to smaller one on 
catalyst Au-Pt/MPTMS-cal and Pt/MPTMS-cal and a smaller pore size was obtained at 
about 4.9 nm. 
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Figure 7.7 N2 adsorption/desorption isotherms and pore size distributions of catalysts 
(a) Au/MPTMS-SiO2-cal, (b) Au-Pt/MPTMS-SiO2-cal and (c) Pt/MPTMS-SiO2-cal. 
 
UV-vis spectra were applied to justify the presence of Au-Pt alloy on the resultant 
catalysts. Figure 7.8 shows the UV-vis spectra of catalysts Au/MPTMS-SiO2-cal, Au-
Pt/MPTMS-SiO2-cal and Pt/MPTMS-SiO2-cal, similar adsorbance resonances were 
observed on catalyst Pt/MPTMS-SiO2-cal and bimetallic catalyst Au-Pt/MPTMS-SiO2-
cal without obvious adsorption peak in the range of 400-500 nm, indicating the 
formation of Au-Pt alloy on this catalyst, consistent with XRD results. 
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Figure 7.8 UV-vis spectra of catalysts (a) Au/MPTMS-SiO2-cal, (b) Au-Pt/MPTMS-
SiO2-cal and (c) Pt/MPTMS-SiO2-cal. 
 
TEM images of catalysts Au/MPTMS-SiO2-cal, Au-Pt/MPTMS-SiO2-cal and 
Pt/MPTMS-SiO2-cal are shown in Figure 7.9. It was observed that the nanoparticle 
sizes were distinct on the pure metal catalysts and bimetallic catalysts. As seen from 
Figure 7.9, a significant effect occurred on catalysts Pt/MPTMS-SiO2-cal and Au-
Pt/MPTMS-SiO2-cal. Catalyst Pt/MPTMS-SiO2-cal showed a Pt NP size of 6-11 nm, 
while bimetallic catalyst Au-Pt/MPTMS-SiO2-cal exhibited an obvious decrease of 
metal NP size to the size range of 2–6 nm. This obvious decrease of bimetallic particle 
size was due to the formation of Au-Pt alloy which hindered the further aggregation of 
Au/Pt NPs during high temperature calcination. These observations indicated that 
introducing Au could significantly control the metal particle size of Ru and Pt during 
one-pot synthesis. Aligned crystal lattices with an average spacing of about 0.2263 nm 
on catalyst Pt/MPTMS-SiO2-cal, corresponding to the (111) plane of Pt (JCPDS-ICDD 
card No. 04-0802). The crystal lattices with spacings of about 0.2275 nm and 0.2 nm 
corresponding to the (111) and (200) planes, respectively, were observed on catalyst 
Au-Pt/MPTMS-SiO2-cal. The increasing of lattice spacing on bimetallic catalyst 
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verified the formation of Au-Pt alloy because the Au (JCPDS-ICDD card No. 04-0784) 
has a larger lattice spacing (0.2355 nm) than that of Pt (0.2265 nm).  
 
Figure 7.9 TEM images and Au nanoparticle distribution histograms of catalysts (a) 
Pt/MPTMS-SiO2-cal and (b) Au-Pt/MPTMS-SiO2-cal. 
 
The Pt 4f core level XPS patterns of catalysts Pt/MPTMS-SiO2-cal and Au-
Pt/MPTMS-SiO2-cal are shown in Figure 7.10. In Figure 7.10a, the doublet peaks with 
bonding energy of 74.8 eV and 71.6 eV were observed on catalyst Pt/MPTMS-SiO2-
cal, characterization of the Pt (0) species. No peak was observed on catalyst Au-
Pt/MPTMS-SiO2-cal (Figure 7.10b) and this phenomenon was observed on every Au-
Pt catalyst, which may be due to the formation of a kind of core-shell structure and the 
Au species preferred to disperse on the external surface of metal alloy nanoparticles. 
This conclusion needs to be further clarified.   
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Figure 7.10 Pt 4f XPS spectra of catalysts (a) Pt/MPTMS-SiO2-cal and (b) Au-
Pt/MPTMS-SiO2-cal. 
 
For comparison purpose, two catalysts Ru/SiO2-cal and Pt/SiO2-cal were also 
prepared without MPTMS. It was found that almost no metal was loaded on the silica 
support. The photos of the as-synthesized samples Ru/SiO2-as, Pt/SiO2-as, 
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Ru/MPTMS-SiO2-as and Pt/MPTMS-SiO2-as after hydrothermal treatment are shown 
in Figure 7.11. It was observed that the solids on the bottom of bottles were quite 
different with and without MPTMS introduced. Without MPTMS introduced, the color 
of the solid was white and the filtrate was light yellow or orange in samples Pt/SiO2-as 
and Ru/SiO2-as, respectively. But with MPTMS, the solid color was light yellow and 
green due to the introducing of metal composite and the filtrate was clear. The ICP-MS 
results shown in Table 7.2 verified this. 
 
Figure 7.11 Photos of catalysts Ru/SiO2-cal, Pt/SiO2-cal, Ru/MPTMS-SiO2-cal and 
Pt/MPTMS-SiO2-cal after hydrothermal treatment. 
 
7.3 Catalytic performance  
The catalytic properties of different catalysts for cyclohexane oxidation were 
evaluated and the results were shown in Table 7.2. It was observed that all single metal 
catalysts exhibited better catalytic activity and higher reaction rate than those of the 
bimetallic catalysts. Catalysts Au/MPTMS-SiO2-cal, Ru/MPTMS-SiO2-cal and 
Ru/SiO2-as Pt/SiO2-as 
Ru/MPTMS-SiO2-as Pt/MPTMS-SiO2-as 
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Pt/MPTMS-SiO2-cal exhibited similar cyclohexane conversion (26.0-28.4%) in a two 
hour reaction while catalyst Ru/MPTMS-SiO2-cal and Pt/MPTMS-SiO2-cal showed a 
relative lower K/A oil selectivity (< 90%) than that of Au catalyst with a K/A oil 
selectivity of 91.2%. This indicated that mesoporous silica supported Ru and Pt 
nanoparticles may be a promising catalyst for alcohol oxidation. Catalysts Au-
Ru/MPTMS-SiO2-cal and Au-Pt/MPTMS-SiO2-cal exhibited a lower cyclohexane 
conversion but an obvious improvement of K/A oil selectivity for cyclohexane 
oxidation. The low catalytic performance on bimetallic catalysts may due to the 
formation of metal alloy or interaction between two metals, thus decrease the activity 
of surface metal atoms. Our results is opposite to some of research work results 
(Schrinner et al., 2008) which claimed that the catalytic properties of Au-Pt-NPs were 
superior to those containing Pt or Au alone which may be due to different catalyst 
composition and reaction systems.  
Ru, Pt and Au NPs composite catalysts were also widely applied for hydrogenation 
reaction (Sun et al., 2010; Su et al., 2007; Lee et al., 2009; Lee et al., 2009) and fuel 
cells. The well dispersed metal NPs materials prepared in this work may find further 
application in these fields because of its facile preparation procedure and low cost. 
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)  Cyclohexanol cyclohexanone by-products
c
 
~0.001wt.%Ru/SiO2-cal 0.4 75.4 24.6 0 - 
~0.001wt.%Pt/SiO2-cal 0.6 78.6 21.4 0 - 
0.95 wt.%Au /MPTMS-SiO2-cal 27.4 32.9 57.3 9.8 23368 
1.0 wt.%Ru /MPTMS-SiO2-cal 28.4 27.9 59.6 12.5 23496 
0.98 wt.%Pt /MPTMS-SiO2-cal 26.0 39.7 48.1 12.2 21584 
0.94 wt.%Au-0.96 wt.%Ru/MPTMS-SiO2-cal 15.8 53.0 43.9 3.1 7237 
0.95 wt.%Au-0.96 wt.%Pt /MPTMS-SiO2-cal 19.1 42.3 53.3 4.4 8632 
a
: Reaction conditions: 20ml cyclohexane, 50mg catalyst, 150 
o
C, 1MPa, 2h; 
b
: Au loading was measured by ICP-MS;  
c
: By-products are mainly ring-opened acids such as n-butric, succinic, glutaric and adipic acid;  
d
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7.4 Summary  
1) Well-dispersed Ru (2-6 nm), Pt (6-11 nm) and Au-Ru (Pt) (2-6 nm) NPs on 
mesoporous silica were prepared by one-pot synthesis method with MPTMS as 
functionality. Au-Pt alloy was formed after calcination on catalyst Au-Pt/MPTMS-
SiO2-cal but no Au-Ru alloy was observed on catalyst Au-Ru/MPTMS-SiO2-cal. 
2) The introducing of MPTMS was significant for attaching Ru and Pt on silica 
support and the interactions between Au and Ru (Pt) led to the well-dispersion of 
these metal NPs.  
3) The obtained catalyst was evaluated for cyclohexane oxidation with molecular 
oxygen. The reaction results showed that single metal NPs exhibited higher 
catalytic activity than the bimetallic catalysts. The Ru and Pt NPs catalyst led to 
deep oxidation reaction and these catalysts may also find important application for 
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CHAPTER 8 
CONCLUSIONS AND RECOMMENDATIONS 
 
8.1 Conclusions 
From this thesis work, the following conclusions can be drawn: 
(1) A one-pot synthesis method has been demonstrated to be a facile approach to 
preparing functionalized SBA-15 supported gold catalysts with vinyl groups as 
functionalities. Gold nanoparticles with an average size of 5 nm were obtained 
on vinyl-functionalized mesoporous silica support. It was observed that the Au 
catalyst prepared using the present method exhibited higher catalytic activity 
and useful products (K/A oil) selectivity than the catalysts prepared using the 
impregnation method, which can be attributed to the uniform dispersion of gold 
nanoparticles on silica support upon functionalization.  
(2) The one-pot synthesis method has also been applied to prepare well dispersed 
gold nanoparticles (3-7 nm) supported on mesoporous silica in the presence of 
bis(triethoxysily) propane tetrasulfide with thioether functionality. It was found 
that the ratio of bis(triethoxysily) propane tetrasulfide over tetraethyl 
orthosilicate plays a crucial role in the mesoporous structure of silica support, 
immobilization and dispersion of gold nanoparticles on silica support. The 
complexation of thioether groups with gold precursors (AuCl4
-
) led to the 
evenly distribution of gold precursors in the synthesis mixture. The thioether-
stabilized gold clusters were formed during hydrothermal treatment, further 
decomposed and deposited as gold nanoparticles after Hydrogen reduction or 
high temperature calcination. Gold catalyst synthesized with a bis(triethoxysily) 
propane tetrasulfide/tetraethyl orthosilicate ratio of 1/40 and reduced by 
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calcination exhibited the best catalytic activity for cyclohexane oxidation and 
the optimized reaction time for this catalyst was 1 h with respect to achieving a 
high cyclohexane conversion and useful product selectivity. The initial reaction 
rate was determined by the amount of surface gold atoms with low-coordination 
which presented as the active sites. The presence of functional groups on H2-
reduced catalyst poisoned the catalytic activity of gold nanoparticles catalyst 
because of strong interaction between thioether groups and gold nanoparticles. 
The excellent stability and recyclability of calcined gold catalyst was due to the 
protection effect of silica framework to gold nanoparticles on the calcined 
catalyst. 
(3) Mercapto-propyl-trimethoxysilane was certified as the most effective 
functionality for anchoring gold nanoparticles on mesoporous silica through 
one-pot synthesis method. Fine gold nanoparticles (2-4 nm) dispersed on 
mesoporous silica were obtained with the assistance of  mercapto-propyl-
trimethoxysilane as a bifunctional ligand, which was found to not only combine 
gold precursor via thiol functional groups but also covalently bond to the silica 
matrix. The amount of mercapto-propyl-trimethoxysilane introduced was 
observed to directly related to the microstructure, the amount of Au loaded and 
the Au particle size of the resultant catalysts. The Au (I)-thiolate complexes was 
formed in the synthesis mixture and reduced to thiolate-passivated gold clusters 
on molecular hydrogen or sodium borohydride reduced samples, but completely 
decomposed to form gold nanoparticles on calcined sample. The optimized 
catalyst was prepared with a mercapto-propyl-trimethoxysilane/tetraethyl-
orthosilicate ratio of 1/9 and a gold loading of 0.4 wt.%. The optimum reaction 
conditions over this catalyst were determined as 150 
o
C for 1 h under the 
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pressure of 150 psi with a stirring rate of 300 rpm. The optimized catalyst 
exhibited an excellent ability to activate molecular oxygen, leading to very fast 
initiation of cyclohexane in the reaction system. 
(4) Well dispersed ruthenium (2-6 nm), platinum (6-11 nm) and gold-ruthenium 
(platinum) (2-6 nm) nanoparticles on mesoporous silica were also prepared by 
one-pot synthesis method with mercapto-propyl-trimethoxysilane as 
functionality. Gold-platinum alloy was formed after calcination. The 
introducing of mercapto-propyl-trimethoxysilane was significant for 
immobilization of ruthenium and platinum on silica support and the interactions 
between gold and ruthenium (platinum) led to the well-dispersion of these metal 
nanoparticles.  The obtained catalyst exhibited acceptable catalytic activity for 
cyclohexane oxidation with molecular oxygen and the reaction results showed 
that single metal nanoparticles exhibited higher catalytic activity than the 
bimetallic catalysts. These ruthenium and platinum catalysts may also find 
important application for alcohol oxidation, hydrogenation reaction and fuel 
cells. 
(5) The kinetic studies strongly suggested that further oxidation of useful products 
to by-products is inevitable with the increase of reaction temperature and/or 
reaction time.  The oxidation mechanism followed a free radical mechanism. 
 
8.2 Recommendations  
Cyclohexane oxidation with molecular oxygen follows the radical chain mechanism, 
in which alkylperoxy radical (C6H11OO*) is formed and isomerizes to form 
hydroperoxyalkyl (C6H11OOH) radicals and dissociate into useful products. Further 
oxidation of useful products is easy to occur and result in the formation of acid 
byproducts. In the industry, this process only gives a 4% conversion of cyclohexane 
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with a 80% selectivity for cyclohexanone and cyclohexanol (cyclohexanone over 
cyclohexanol ratio was about 1:2). 
The results in present study also indicated that control over the reaction kinetics is 
important in terms of avoiding further oxidation of useful products to by-products. The 
remarkably high turnover frequency number was obtained on the optimized gold 
catalyst supported on thioether-functionalized mesoporous silica (11653 h
-1
) for the 
first half an hour reaction and gold nanoparticles catalyst supported on thiol-
functionalized mesoporous silica (59951 h
-1
) in a 2 h reaction, indicating a very high 
reaction rate of cyclohexane oxidation on these catalysts. This behavior hold a great 
promise for operating the catalysts in continues reaction system. Thus, it is 
recommended to run the catalysts in a continuous mode in future research work.  
It is interesting to note that the ratio of cyclohexanone to cyclohexanol on the 
present catalyst system was nearly 2:1, opposite to the industrial results 
(cyclohexanone over cyclohexanol ratio was about 1:2). These active gold 
nanoparticles catalyst may be also applicable for some other important alkane and 
alcohol oxidation reactions. 
The kinetic and mechanism study in this work only gave a brief explanation that the 
Au nanoparticles did play a role in the cyclohexane oxidation reaction. However, the 
extended study about the active sites, the role of Au in the chain propagation and 
termination steps should be studied in future work.  
Finally, mercapto-propyl-trimethoxysilane was found to be an effective functionality 
to immobilize ruthenium, platinum and bimetallic gold-ruthenium (platinum) 
nanoparticles on mesoporous silica through one-pot synthesis route. The 
comprehensive application could be extended to other noble metals such as palladium, 
rhodium and silver. The applications of these noble metal nanoparticles for alcohol 
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oxidation, hydrogenation reaction and fuel cell devices deserve a higher level of 
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